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PREFACE 


Trees  and  shrubs  are  planted  throughout  the  Great  Plains  fo 
various  reasons:  crop  and  soil  protection,  livestock  protection 
wildlife  habitat,  noise  abatement,  snow  fences,  beautification 
and  privacy  screens.  These  trees  represent  a  considerable  invest 
ment  of  both  public  and  private  funds  to  obtain  the  intendec 
benefits. 

Establishing  shelterbelts  on  the  prairie  provides  a  favorabl* 
habitat  for  tree  pests  which  could  not  otherwise  exist  in  th 
region.  These  potential  pests  must  injure  the  tree  to  survive.  I 
the  injury  results  in  a  damaged  tree,  then  the  insect  or  mite  mus 
be  correctly  identified  for  application  of  recommended  contrcj 
measures. 

This  publication  is  designed  as  an  aid  in  identification  of  insect 
for    those    who    have    no   specialized   training   in   entomology 
Numerous  illustrations  are  included  for  ease  of  identification  anq 
to  insure  discrimination  among  similar  insect  species.  Insects  ar ! 
identified  by  proceeding  through  a  series  of  alternative  choice! 
presented  in  brief  paired  statements  (couplets).  Included  in  th 
final  couplets  are  principal  hosts  and  time  of  insect  occurrence.  i.t 
glossary   of  terms  used  throughout  the  key  is  provided  in  th;| 
appendix.  Also  in   the  appendix  is  a  list  of  the  common  an.j 
botanical  names  of  the  trees  and  shrubs  mentioned. 

The  majority  of  insects  defoliating  trees  in  North  and  Sout 
Dakota  are  larvae  of  moths,  butterflies,  and  sawflies.  Sine 
chewing  of  foliage  is  not  distinctive,  identifying  characteristics  ccj 
the  insect  rather  than  the  damage  are  included  in  certain  portior 
of  the  key.  Characteristics  given  for  immature  forms  are  base 
upon  last  instar  larvae  unless  otherwise  stated. 

The  individual  who  encounters  an  insect  or  insect  damage  in 
shelterbelt  should  note:  (1)  the  kind  of  injury  and  its  appearand 
(2)  the  tree  species,  and  (3)  the  general  appearance  of  the  insec 
doing  the  damage.  With  this  information  he  can  be  relatively  sui: 
of  obtaining  an  identification.  In  the  case  of  defoliation,  it 
usually  imperative  that  the  insect  causing  the  damage  be  we 
preserved  for  correct  identification.  Larvae  stored  in  alcohol  ma 
lose  their  color  and  may  not  be  identified  correctly  in  this  ke^ 
Where  damage  is  diagnostic,  the  insects  have  not  been  describee 

To  use  the  key,  examine  the  insect  or  damage  and  place  it  int 
one  of  the  four  Major  Damage  Categories.  Identification  is  the 

iv 


made  by  going  through  a  series  of  opposing  alternatives,  one  of 
which  should  apply  to  the  specimen.  Each  alternative  gives  either 
a  number  referring  to  the  next  pertinent  couplet,  or  a  name 
identifying  the  specimen.  Couplets  have  a  number  in  parentheses 
which  refers  back  to  the  previously  used  couplet.  Therefore,  one 
is  able  to  retrace  his  steps  in  the  key  if  he  makes  a  mistake. 

Example:   Assume  that  warty  eruptions  were  found  on  a  leaf 
blade  of  green  ash.  Each  gall  was  enclosed  and  protruded  from 
i)  both  the  upper  and  lower  leaf  surfaces.  The  description  fits  the 
i  Major  Damage  Category  of  gall-making  insects  and  mites.  There- 
fore, we  start  with  couplet  1  in  section  II  of  the  key. 

Couplet   1  gives  a  choice  between  deciduous  trees  and  spruce 

trees.  The  damage  occurred  on  a  deciduous  tree,  which  leads  us 

to  2.  A  series  of  hosts  is  listed  in  couplet  2.  The  damage  occurred 

on  green  ash,  which  directs  us  to   12.   Couplet  12  presents  a 

choice  between  buds  and  leaves  or  staminate  flowers.  The  leaves 

Jare  affected,  therefore  we  continue  to  13.  Couplet  13  presents 

I  the    alternative    of    midvein   or   leaf  blade.    The   leaf   blade   is 

affected,   which   refers   us   to    15.   Couplet    15   gives   a   choice 

i  between  galls  or  tightly  rolled  leaves.  The  obvious  choice  is  the 

;  gall.  Therefore,  the  damage  is  caused  by  a  bead  type   gall  mite 

(Aceria  chrondriphora). 

Information  contained  in  the  key  was  obtained  from  material 
collected  in  North  Dakota  and  South  Dakota.  However,  the  key 
should  be  appropriate  for  portions  of  Montana,  Wyoming, 
Nebraska,  Minnesota,  and  Iowa. 


MAJOR  DAMAGE  CATEGORIES 


Defoliating  Insects  (Section  I) 

Insects  feed  directly  on  the  leaves  and  needles  of  deciduous - 
or  evergreen  trees  and  shrubs.  Insects  may  roll,  fold,  or  tit 
leaves  or  produce  extensive  webbing.  This  section  include.' 
adult  and  immature  insects Page  j 


Gall-Making  Insects  and  Mites  (Section  II) 

Galls  appear  as  abnormal  woody  growths  or  swellings  on  twig 
and  branches,  closed  leaf  galls,  warty  eruptions  on  leaf  blades 
rosette-type  leaf  clusters,  or  abnormal  fruit.  All  aphids  founc 
in  leaf  curls  are  included  with  the  sap-sucking  insects 
(Section  IV) Page  54 


Boring  and  Leaf-Mining  Insects  (Section  III) 

Insects  feed  internally  on  woody  tissue,  fruit,  seeds,  or  leaves 
Borers  associated  with  abnormal  swellings  are  included  witl; 
the  gall-making  insects  (Section  II) Page  8< 


Sap-Sucking  Insects  (Section  IV) 

Insects    feeding    on    plant    sap    produce    puncture    wounds 
stippled  discoloration,  or  leaf  curl;  scale  insects Page  13! 
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SECTION  I.     DEFOLIATING  INSECTS 


Insects  feed  directly  on  leaves  and  needles  of  deciduous  or 
evergreen  trees  and  shrubs.  The  insect  may  roll,  fold,  or  tie  leaves 
or  produce  extensive  webbing. 

Insect  rolls,  folds,  or  webs  leaves   2 

1'.  Insect  defoliates  without  webbing  or  leaf  distortion  .16 

Leaves  rolled  or  folded 3 

Leaves  webbed  together,  or  have  a  silken  mat    8 

Leaves  folded 4 

Leaves  roiled    6 

Found  on  bur  oak    5 

Found  on  cotton  wood.  Leaves  folded  toward  ventral 
surface    (fig.l),    inner    surface    skeletonized.    Larvae 
present  during  early  summer.  Phyllocolpa  bozemani 
(Cooley) poplar  leaffolding  sawfly 


Figure    1.— Poplar  leaffolding  sawfly  (Phyllocolpa  bozemani)  on 
cottonwood  leaf. 


5(4).  Leaf   margin    folded    (fig.    2).    Larvae   present  during 

summer.  Itonida  sp a  leaffolding  fly 

5'.           Leaf    lobe    folded    (fig.    3).    Larvae    present    during 
summer.  Cecidomyia  sp a  leaffolding  fly 


Figure    2.— Itonida  sp.  on  bur 
oak. 


6(3). 
6'. 


Figure    3.— Cecidomyia  sp.  on 
bur  oak. 


Leaf  roll  without  prominent  silken  frass  tube 

Leaf  roll  with  prominent  silken  frass  tube  (fig.  4).  Bl 
oak.  Larvae  present  from  July  to  September.  AcrobaSi 
sp a  leafrolling  mot 


\ 


•\ 


Figure  4.— Acrobasis  sp.  on  bur  oak.  Note  silk  tube  with 
incorporated  frass.  Larva  skeletonize  inner  surface  of 
leaf  roll. 


(6).          Feeds  on  boxelder  (fig.  5).  Larvae  present  from  June 
to  August.  Gracillaria  negundella  Chambers 
boxelder  leafroller 

7'.  Feeds  on  green  ash.  Head,  thoracic  legs  (fig.  7)  and 
cervical  shield  light  brown  to  black;  body  light  green  to 
dusky  gray  (fig.  6).  Larvae  present  from  June  to  July. 
Archips  argyrospilus  (Walker) fruittree  leafroller 

Larvae  construct  silken  mats  on  ventral  leaf  surface .  .9 
Larvae  web  or  tie  leaves  together 10 
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Figure    5.— Boxelder  leafroller  (Gracillaria  negundella). 


Figure      6.— Fruittree  leafroller  (Ar chips  argyrospilus):  A,  dors 
view  of  last  instar  male  larva;  B,  lateral  view  ;  C,  p.  !j 


'igure    6C— Dark  phase  larva  inside  leaf  roll. 


Abdominal  prolegs 


figure    7— Generalized  drawing  of  a  caterpillar. 
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9(8).  Found  on  American  elm.  Larvae  skeletonize  lower  leaf  i 
surface.  Head  and  body  light  green  to  reddish  brown 
flecked  with  white;  pro  thorax,  mesothorax,  and  8th 
abdominal  segment  (fig.  7)  with  a  black  spot;  promi- 
nent setae.  Larvae  present  from  June  to  August. 
Psorosina  hammondi  (Riley) 
appleleaf  skeletonize]  n 

9'.           Found  on  boxelder  (fig.  8).  Larvae  skeletonize  loweiii 
leaf  surface.  Head  dark  brown  with  black  eye  spots 
body  pale  yellow.  First,  second,  and  third  instar  larvae 
present  on  leaves  from  July  to  October.  Proteotera, 
willingana  (Kearfott)    boxelder  twig  bore  ; 


Figure     8 


-Boxelder  leaf  skeletonized  by  third  instar  larvae 
the  boxelder  twig  borer  (Proteoteras  willingana). 
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0(8).        Larvae  construct  large  tents  or  webs;  gregarious 

defoliator    11 

10'.  Larvae  web  2  or  3  leaves  together;  solitary  defoliator. 
Head  and  body  light  green,  prothorax  and  mesothorax 
(fig.  7)  with  dark  spot  on  the  side.  American  elm. 
Larvae  present  from  July  to  October,  two  generations 
per  year.  Canarsia  ulmiarrosorella  (Clemens) 
a  leaftieing  moth 

1(10).      Tents  in  branch  forks 12 

11'.         Tents  not  in  branch  forks 14 


2(11).      Head  brown  or  black    13 

12'.  Head  blue  mottled  with  black,  body  black  with  pale 
blue  areas,  interrupted  white  stripe  down  center  of 
back  (plate  6;  fig.  9).  Webbing  contains  frass  and  cast 
larval  skins  (fig.  9a).  Common  chokecherry,  Siberian 
elm,  Peking  cotoneaster,  rose.  Larvae  present  from 
May  to  July.  Malacosoma  californicum  lutescens 
(Neumoegen  &  Dyar) prairie  tent  caterpillar 


ugure  9.— Defoliation  and  webbing  of  the  prairie  tent  cater- 
pillar (Malacosoma  californicum  lutescens)  on 
chokecherry. 


13(12).  Body  pale  yellow  with  a  dark  stripe  down  the  back, 
head  dark  brown  to  black,  setae  long  (plate  4;  fig.  10). 
American  plum,  common  chokecherry,  willows, 
cottonwood,  American  elm,  Siberian  elm.  Larvae 
present  from  July  to  October.  Hyphantria  cunea 

(Drury) fall  webworrr 

13'.         Body   black  with  pale  blue  areas,  interrupted  white-i 
stripe  down  center  of  the  back,  head  black,  setae  long, 
(fig.  11).  Common  chokecherry.  Larvae  present  from 
May  to  June.  Malacosoma  americanum  (F.) 

eastern  tent  caterpilla 


^ 


P 


Figure  10. 


-Fall   webworm    (Hyphantria    cunea):   A,  larvae  anu« 
typical    leaf    skeletonizing;    B,    webbing    in    brancl 
forks,  characteristics  of  early  instar  larvae  of  both 
fall  webworm  and  eastern  tent  caterpillar. 
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igure  1 1 —Eastern  tent  caterpillar  (Malacosoma  americanum): 
A,  adults;  B,  egg  mass;  C,  larva;  D,  larvae  and 
webbing  in  branch  fork. 
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14(11). 
14'. 


15(14). 


15'. 


Head  blue  or  black 1 

Head  light  yellow,  body  white,  thoracic  legs  and  cerv 
cal  shield  black,  prolegs  reduced.  American  plum,san 
cherry.  Larvae  present  during  the  summer.  Neurotom 
inconspicua  (Norton) plum  webspinning  sawfl 

Head  black,  body  yellowish  white  (fig.  12).  Webbin 
contains  frass.  Common  chokecherry.  Larvae  preser 
from  May  to  September.  Archips  cerasiuoranus  (Fitch 

uglynest  caterpillj 

Head  blue  mottled  with  black,  body  black  with  pa 
blue  areas,  interrupted  white  stripe  down  center  ( 
back  (plate  6;  fig.  9).  Webbing  contains  frass  and  ca 
larval  skins.  Common  chokecherry,  Siberian  elr 
Peking  cotoneaster,  rose.  Larvae  present  from  May  1 
July.  Malacosoma  californicum  lutescens  (Neumoege 
&  Dyar)    prairie  tent  caterpill; 


Figure  12.— Uglynest     caterpillar     (Archips    cerasiuoranus): 
webbed  foliage;  B,  larvae. 

12 


6(1).      Insect  with  wings  or  wing  pads 17 

6'.         Insect  without  wings    32 

(16).      Front  pair  of  wings  (elytra)  meeting  in  straight  line 
down  the  back  (fig.  13),  leathery,  veins  absent. 
Beetles 18 

7'.         Front   pair  of  wings  not  meeting  in  a  straight  line, 
leathery,  veins  present.    Grasshoppers 30 


Pronotum 


Figure  13.— Generalized  drawing  of  a  beetle. 


Mouthparts  elongate  and  snoutlike  (fig.  15a),  antennae 

elbowed  and  club  shaped  (fig.  14a)    19 

Mouthparts  not  snoutlike,  antennae  filiform  (fig.  17) 
or  lamellate  (fig.  10b) 20 

13 


T 


Figure  14.— Types  of  antennae:  A,  elbowed  and  club  shaped 
lamellate. 


19(18).  Feeds  on  American  elm,  Siberian  elm.  Body  < 
reddish  brown,  front  wings  with  longitudinal  li 
coarsely  punctate  (fig.  15).  Adults  present  from  <]■ 
to     August,    shot    hole    type    defoliation.    Magaii 

armicollis  (Say) red  elm  bark  we|i 

19'.         Feeds  on  white  willow.   Body  brown  to  black,  g 
oblique   band   at  end   of  forewing   (fig.   16).  Ad 
present  from  July  to  August,  feed  on  foliage  and  gc 
notches  in  current  season's  growth.     Cryptorhynck 
lapathi  (L.) poplar-and-willow  b  )2 

14 


r 


-4 


^%0»* 


gure  15.— Red  elm  bark  weevil  (Magdalis  armicollis):  A,  adult, 
length  7  mm  or  less;  B,  adult  and  shot  hole  defoli- 
ation. 


)(18).  Lamellate  antennae  (fig.  14b),  leaflike  segments 
forming  a  club,  antennae  shorter  than  head  and 
pronotum.  June  beetles 21 

20'.  Filiform  antennae,  longer  than  head  and  pronotum 
(fig.  13)    24 

L(20).      Body  with  metallic  sheen 22 

21'.         Body  without  metallic  sheen    23 

15 


Figure  16.— Poplar-and-willow  borer  (Cryptorhynchus  lapathi 
length  7-10  mm;  normal  twig  on  the  left  an< 
damaged  twig  on  the  right. 


Figure  17 —Dichelonyx  subuittata  length  10  mm. 

16 


2(21). 


22'. 


Head  and  pronotum  (fig.  13)  light  brown,  elytra  brown 
with  metallic  green  (fig.  17).  Hardwoods.  Adults 
present  from  July  to  August.  Dichelonyx  subuittata 

(LeConte) a  June  beetle 

Head  and  pronotum  metallic  yellowish  green,  elytra 
lemon  yellow  to  gold  (fig.  18).  White  willow,  cotton- 
wood.  Adults  present  from  June  to  July.  Cotalpa 
lanigera  (L.) goldsmith  beetle 


igure  18.— Goldsmith 
20-25  mm. 


beetle      {Cotalpa     lanigera),     length 
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I: 


Figure  19  —Poly phylla  hammondi,  length  26  mm. 


23(21).      Head   and   body   dark   brown,   elytra    (fig.    13)   witlt  J 
indistinct  gray  longitudinal  lines  (fig.  19),  medium  to! 
dark   brown   hair   on   underside   of  the  body.  Whit; 
willow.     Adults    present    during    July.    PolyphyW 

hammondi  LeConte a  June  beethif  5| 

23'.        Head  dark  brown,  pronotum  and  elytra  (fig.  13)  wit] 
yellowish-green  tinge,  elytra  with  white  lines  (fig.  20' 
light  tan  hair  on  underside  of  the  body.  White  willowf  2 
Adults   present   during  July.  Polyphylla  decemlineat 
(Say) tenlined  June  beetll1 
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jure  20.— Tenlined     June    beetle 
length  27-30  mm. 


(Polyphylla    decemlineata), 


(20).      Pronotum  narrower  than  the  head  and  body. 

Blister  beetle    25 

14'.         Pronotum  wider  than  the  head  (fig.  13). 

Leaf  beetle 27 

(24).      Body  nonmetallic  dark  color    26 

15'.  Body  metallic  purple  with  a  green  sheen.  Siberian 
peashrub.  Adults  present  from  May  to  June.  Lytta 
nuttallii  Say Nuttall  blister  beetle 

(25).      Head  and  body  ash  gray  (fig.  21).  Siberian  peashrub. 
Adults  present  from  May  to  June.  Epicauta  fabricii 
(LeConte) ashgray  blister  beetle 

16'.         Head    and    body    black.    Siberian    peashrub.    Adults 
present  from  May  to  June.  Epicauta  subglabra  (Fall) 
caragana  blister  beetle 
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Figure  21.— Ashgray  blister  beetle  (Epicauta  fabricii)  on  caragan 
length  15-25  mm. 


27(24). 


27' 


28(27' 
28'. 


Body   yellowish   green  to  light  brown,  marked  wi 

spots  or  stripes     Lj 

Body   metallic   purplish    blue,   elytra   smooth  with " 
prominent  ridge  parallel  to  the  outer  margin.  Comm  i 
chokecherry,  willow.  Altica  plicipennis  (Mannerheim 
a  chrysomelid  leaf  beei 

Pronotum  (fig.  13)  yellow  with  2  or  3  black  spots  .  . 
Pronotum  black  with  yellow  sides,  elytra  green 
yellow  with  black  markings  (fig.  22).  Cottonwoc 
white  willow.  Adults  present  from  June  to  Augv 
Chrysomela  scripta  F cottonwood  leaf  bee 
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ure  22.— Cottonwood  leaf  beetle  (Chrysomela  scripta] 


28). 


9\ 


Pronotum  yellow  with  2  black  spots,  elytra  yellow 
with  a  black  stripe  along  the  suture  and  lateral  margin, 
a  third  stripe  down  center  of  elytra,  head  orange  with 
black  eyes  (fig.  23).  White  willow.  Adults  active  during 
August.  Disonycha  alternata  (Illiger) 
a  chrysomelid  leaf  beetle 

Pronotum  yellow  with  3  black  spots,  elytra  yellowish 
green  with  black  lateral  stripe  (fig.  24).  American  elm, 
Siberian  elm.  Adults  active  during  May  and  August. 
Pyrrhalta  luteola  (Muller) elm  leaf  beetle 
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A 


Figure  23.- Disonycha   alternate:    A,   adult,   length   7-8  mm; 
adult  defoliating  willow. 
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B 


igure  24.— Elm  leaf  beetle  (Pyrrhalta  luteola):  A,  skeletonized 
leaf;  B,  larva;  C,  eggs;  D,  adult,  length  5-7  mm. 
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30(17).      Hind  legs  yellowish  brown  to  brown    31 

30'.         Hind  legs  red.  American  elm,  Siberian  elm,  bur  oak, 
Siberian   peashrub   (fig.  25),  common  lilac,  American 
plum,   tatarian  honeysuckle.  Present  from  August  to 
September.  Melanoplus  femurrubrum  (De  Geer) 
redlegged  grasshopper 

31(30).  Hind  legs  with  black  chevron  markings,  body  brown. 
American  elm,  Siberian  elm,  Siberian  peashrub  (fig. 
25),  American  plum,  Russian-olive.  Present  from  July 
to  September.  Melanoplus  sanguinipes  (F.) 

migratory  grasshopper 

31'.  Hind  legs  without  black  chevron  markings,  body  dark  . 
brown,  two  light  tan  longitudinal  stripes  from  the  head 
to  tip  of  the  wings.  American  elm,  Siberian  elm,  , 
American  plum,  Siberian  peashrub  (fig.  25),  sand  I 
cherry,  boxelder,  Peking  cotoneaster.  Present  from  i 
July  to  September.  Melanoplus  bivittatus  (Say) 
twostriped  grasshopper-! 

'i  U  £  ^'-JT 

Jk 


.  ■  Vi*>  it, 


Figure  25.— Defoliation  of  caragana  by  grasshoppers  (Melanoplu  '■ 
spp.). 
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(16). 


12'. 


Antennae    short,    less    than    half    the    body    length, 

abdomen  soft  and  fleshy    33 

Antennae  long,  equal  to  half  the  body  length, 
abdomen  sclerotized.  Long  slender  insect  with  thin  legs 
(fig.  26).  Bur  oak.  Feeding  from  June  to  September. 
Diapheromera  femorata  (Say)    walkingstick 


•ure  26.— Walkingstick  (Diapheromera  femorata). 
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33(32).      Prolegs  absent  on  all  abdominal  segments. 

Beetle  larvae 34 

33'.  Prolegs  present  on  two  or  more  abdominal  segments 
Sawflies,  caterpillars  (figs.  7,27) 35 

34(33).  Larva  black  turning  dull  yellow  with  age,  abdomina 
segments  with  6  rows  of  spots  (fig.  22).  Cottonwood 
Larvae  present  during  the  summer. 

Chrysomela  scripta  F Cottonwood  leaf  beetli 

34'.  Larva  yellow,  body  has  black  bands  down  the  bad 
with  setae  between  the  bands  (fig.  24).  American  elm 
Siberian  elm.  Larvae  present  from  May  to  June 
Pyrrhalta  luteola  (Muller) elm  leaf  beetl 

35(33).      Prolegs  present  on  abdominal  segments  2-8,  10  (fig 

27).  Sawflies I 

35'.         Prolegs  absent  on  abdominal  segments  1,  2,  7,  8,  and 
(fig.  7).  Caterpillars    I 


Thoracic  legs 


Abdominol  prolegs 


Figure  27.— Generalized  drawing  of  a  sawfly. 

36(35).      Head  light  brown,  gray,  offwhite,  or  yellowish  orange 
36'.        Head  dark  brown  or  black    


37(36).      Head  offwhite  or  light  brown 

37'.        Head  yellowish  orange,  body  yellowish  green  with  di 
green  stripes  down  the  back  and  sides  (fig.  28).  WMj 
spruce,  blue  spruce  (plate  8).  Larvae  present  from  Ji 
to  August.  Pikonema  alaskensis  (Rohwer) 
yellowheaded  spruce  saw 
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+.*■' 


jure  28.— Yellowheaded  spruce  sawfly  (Pikonema  alaskensis). 


(37). 


58'. 


Head  offwhite,  body  offwhite  with  black  spiracles  and 
black  dorsal  stripe  (fig.  29).  American  elm,  Siberian 
elm,    white    willow.    Larvae    present    from    July    to 

September.  Cimbex  americana  Leach elm  sawfly 

Head  light  brown  with  reddish-brown  markings,  body 
light  green  with  whitish  dorsal  stripe.  Each  body 
segment  outlined  front  and  back  with  a  definite  white 
line.  White  willow.  Larvae  present  from  June  to 
September,  two  or  more  generations  per  year.  Nematus 
mendicus  Walsh    a  willow  sawfly 


jure  29.— Elm    sawfly    (Cimbex   americana) 
Siberian  elm. 


larva  at  rest  on 
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39(36).      Body  white 4i 

39'.         Body  yellowish  green,  dark  green,  gray  or  black  ...  .4 

40(39).      Thorax  swollen,  body  translucent  white  (fig.  30).  Hen 
black.  Bur  oak.  Larvae  present  from  July  to  Augus 

Caliroa  sp a  slug  sawfl  I 

40'.        Thorax   not  swollen,   body   solid  white.  Head  blac 
(plate  2).  Green  ash.  Larvae  present  from  May  to  Jun 
Tethida  cordigera  (Palisot  de  Beauvois) 
blackheaded  ash  sawfl 


<% 


Figure  30.— A     slug     sawfly     (Caliroa     sp.)     skeletonizing    t|j 
underside  of  bur  oak  leaf. 
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Head  brown 42 

Head  black 43 

Body  grayish  green  with  yellow  spots  and  irregular 
rows  of  black  dots.  Tatarian  honeysuckle.  Larvae 
present  from  June  to  July.  Zaraea  in f lata  Norton 

honeysuckle  sawfly 

Body  olive  green  due  to  secretion  of  slime.  Thorax 
swollen  (plate  3).  American  plum.  Larvae  present  from 
June  to  July.  Caliroa  cerasi  (L.) pearslug 

Feeds  on  willow,  pine 44 

Feeds   on   tamarack,   Siberian   larch.  Body  yellowish 
green  with  dorsal  gray  band  (plate  2).  Larvae  present 
from  June  to  September.  Pristiphora  erichsonii 
(Hartig) larch  sawfly 


gure  31.— Willow  sawfly  (Nematus  ventralis)  feeding  on  Salix. 
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44(43). 
44'. 


45(44). 


45'. 


Body  grayish  or  yellowish  green 4! 

Body  dark  brown  to  black,  sides  of  each  body  segmen  i 
with  yellow  spots  (fig.  31).  Cottonwood,  white  willow  \ 
Larvae  present  from  June  to  July.      Nematus  ventralu 
Say willow  sawfly 

Body   grayish   green  with  a  light  dorsal  stripe;  darl 
green  stripe  down  the  side  with  black  patch  on  top  o; 
last  body  segment  (fig.  32).  Scotch  pine,  Austrian  pine  i 
Larvae  present  from  May  to  June.    Neodiprion  sertifev 

(Geoffroy) European  pine  sawflj 

Body  yellowish   green;  sides   mottled   in  black,  twc' 
black  stripes  down  the  back  (fig.  33).  Ponderosa  pine 
Scotch   pine.   Larvae  present  from  July  to  October 
Diprion  similis  (Hartig) introduced  pine  sawfly 


Figure  32— European  pine  sawfly  (Neodiprion  sertifer):  A,  dorsa 
and  lateral  view  of  larvae;  B,  larvae  defoliating Scotcl 
pine. 
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gure  33.— Lateral  view  of  the  introduced  pine  sawfly  (Diprion 
similis). 


(35).  Prolegs  present  on  abdominal  segments  3  and  4  (figs.  7, 
34) 47 

46'.  Prolegs  absent  on  abdominal  segments  3  and  4  (fig.  51) 
76 

4(46).  Head  with  rough  texture.  Body  may  or  may  not  have 
prominent  spines  or  clubs 48 

47'.        Head  with  smooth  texture.  Body  without  prominent 

spines 51 

4(47).  Larvae  have  more  than  five  body  segments  with  prom- 
inent spines  (fig.  34) 49 

48'.  Larvae  have  less  than  five  body  segments  with  prom- 
inent spines  or  clubs  (fig.  36) 50 


igure  34.— Violet  tip  caterpillar  (Polygonia  interrogationis). 
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49(48).  Head  orange  with  a  pair  of  branched  spines,  bod; 
reddish  brown  with  black-tipped  orange  spines  (fig 
34).  American  elm,  Siberian  elm.  Larvae  present  durin 
July.  Polygonia  interrogationis  F.  .  violet  tip  caterpilla 
49'.  Head  black  with  no  spines,  body  black  with  blac 
spines  and  a  row  of  orange  spots  down  the  back  (fig 
35).  Colonial  feeder.  American  elm,  Siberian  elir 
white  willow.  Larvae  present  from  June  to  Julj 
Nymphalis  antiopa  (L.)    ....  moumingcloak  butterfl 


Figure  35.— Moumingcloak  butterfly  (Nymphalis  antiopa). 


50(48).  Clublike  structures  present  on  second  thoracic  sw 
ment,  body  yellowish  brown  or  green  with  a  wh::1 
patch  near  center  of  back  (fig.  36).  Cottonwood,  wh  I 
willow.  Larvae  present  from  April  to  August.  Limeni ij 

archippus  (Cramer) vicer 

50'.         Clublike  structures  absent  on  second  thoracic  segmei 
body   pale   green  with  yellowish  dorsal  stripe  edg 
with  blue  and  yellow.  Head  with  branched  "antler: 
Hackberry.    Larvae    present    from    June    to    Augu: 
Asterocampa  celtis  Boisduval  &  LeConte 
hackberry  caterpil 
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ure  36.— Viceroy  butterfly  (Limenitis  archippus 


[47). 

1'. 

[51) 
2'. 


[52). 
3'. 

[53). 
»4\ 


Body  with  long  setae  (hair) 52 

Body  with  short,  sparse  setae 61 

Head  black,  blue,  or  gray 53 

Head  white  marked  with  black.  Body  white  with  long 
white  hair.  Cottonwood,  white  willow,  bur  oak.  Larvae 
present  from  August  to  September.  Acron icta  leporina 
uulpina  (Grote) a  dagger  moth 

Body  sparsely  covered  with  long  hair 54 

Body  densely  covered  with  long  hair    56 

Head  pale  blue  or  gray 55 

Head  black.  Body  black  with  a  yellow  cervical  shield 
and  yellow  body  stripes  (plate  8;  fig.  37).  Colonial 
feeders.  White  willow,  Saskatoon  serviceberry,  bur  oak, 
American  plum.  Larvae  present  from  July  to  Septem- 
ber. Datana  ministra  (Drury) 
yellownecked  caterpillar 
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Figure  37.— Yellownecked  caterpillar   (Datana  ministra] 
mass;  B,  mature  larvae. 


55(54).  Head  and  body  pale  blue,  body  with  keyhole  shap 
spots  down  the  back  (plate  6;  fig.  38).  Cotton wo< 
green  ash,  Peking  cotoneaster,  basswood,  aspen.  Lar 
present  from  April  to  June.  Malacosoma  disstria 

Hiibner forest  tent  caterpil 

55'.  Head  and  body  light  gray,  body  depressed  with  h 
fringe  down  each  side  (fig.  39).  Metathorax  (fig. 
with  black  velvet  band.  White  willow,  green  ash,  1 
oak,  Siberian  elm.  Larvae  present  from  June  to  Augi 
Tolype  velleda  (Stoll) Velleda  lappet  m< 
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igure  38.— Forest  tent  caterpillar  (Malacosoma  disstria):  A,  lar- 
vae defoliating  Peking  cotoneaster;  B,  larvae  on 
aspen. 
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Figure  39.— Velleda  lappet  moth  (Tolype  velleda). 


56  (53).     Long  hair  pencils  present  on  3rd  abdominal  segment 

(fig-  41) 5' 

56'.         Long  hair  pencils  absent  on  3rd  abdominal  segment 

I 

57(56).      Single  black  pencil  on  abdominal  segments  1  and  3 

bl< 

57'.  Pair  of  black  pencils  on  abdominal  segments  1  and  3 
Single  pencil  on  8th  abdominal  segment,  body  pal 
yellow  with  pale  yellow  hair  (fig.  40).  Boxeldei 
cottonwood,  green  ash,  bur  oak.  Larvae  present  fror 
July  to  September.  Acronicta  americana  (Harris) 
American  dagger  mofcc 

w x  '  '  I 

"-..''*'       '.  ~.-'i> •'!;,*)  '    '*""      :.   '  . .  i 

Figure  40.— American  dagger  moth  (Acronicta  americana). 
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(57). 


Body  black  and  densely  covered  with  reddish-brown 
hair,  head  black.  Single  black  pencil  on  abdominal  seg- 
ments 1,  3,  and  8  (plate  5;  fig.  41).  White  willow, 
common  chokecherry.  Larvae  present  from  July  to 
September.  Acronicta  dactylina  Grote 
a  dagger  moth 

Body  white  and  densely  covered  with  yellow  hair,  head 
black.  Single  black  pencil  on  abdominal  segments  1,  3- 
5,  and  8.  White  willow,  cottonwood.  Larvae  present 
from  June  to  September.  Acronicta  lepusculina  Guene'e 
. cottonwood  dagger  moth 


X  \ 


;ure  41.— A  dagger  moth  {Acronicta  dactylina). 


156). 
.9'. 


Feeds  on  hardwoods 60 

Feeds  on  spruce.  Head  black,  body  with  long  pencils 
near  head  and  tail,  black  and  white  tufts  down  each 
side,  gray  tufts  on  abdominal  segments  1  to  4  (fig.  42). 
White  spruce,  blue  spruce.  Larvae  present  from  June  to 
July.  Dasychira  sp a  spruce  tussock  moth 
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Figure  42.— A  spruce  tussock  moth   (Dasychira  sp.):   A,  dorj 
view;  B,  feeding  on  spruce. 


60(59).  Body  with  olive  tinged  yellowish-gray  hair,  bliii 
pencils  near  head  and  tail.  Head  and  body  black  (i 
43).  American  elm,  Siberian  elm,  green  ash,  boxelc 
bur  oak,  common  chokecherry.  Larvae  present  frr 
July  to  September.  Halisidota  tessellaris  (J.  E.  Smith 
pale  tussock  mc 
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50'. 


Body  with  a  row  of  black  tufts  down  back  and  vellow 
tufts  on  side  of  abdominal  segments  2—6  (fig.  44), 
longer  tufts  near  head  and  tail.  Head  and  body  black. 
Boxelder,  white  willow,  green  ash,  common  choke- 
cherry.  Larvae  present  from  July  to  October. 
Halisidota  maculata  (Harris)  .  .  .  .spotted  tussock  moth 


(51). 
31'. 


Larvae  with  tubercles,  filaments,  or  dorsal  humps    .  .62 
Larvae  without  tubercles,  filaments,  or  dorsal  humps 
73 


jure  43.— Pale  tussock  moth  (Halisidota  tessellaris). 


('hire  44.— Spotted  tussock  moth  (Halisidota  maculata). 
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62(61).      Caudal    horn    or    spinelike    process    present    on    81: 

abdominal  segment ( ,' 

62'.         Caudal    horn    or    spinelike    process    absent    on    8i 
abdominal  segment (I 


63(62). 
63'. 


64(63). 


64'. 


65(62). 
65'. 

66(65). 
66'. 


67(66). 


67'. 


No  scoli  present  on  thoracic  segments   I 

Two  pair  of  scoli  present  on  thoracic  segments,  heJ 
and  body  bluish  green  (plate  5).  American  elm,  gre 
ash.  Larvae  present  from  July  to  September.  Ceraton^ 
amyntor  (Hiibner) elm  sphii 


Head  yellowish  green  with  red  and  yellow  stripe.  Bo 
yellowish  green  marked  with  seven  oblique  purpL 
stripes  edged  below  with  white,  caudal  horn  bla 
above  and  yellow  below.  American  plum,  comm 
chokecherry,  sand  cherry,  hackberry.  Larvae  presi 
from  July  to  September.  Sphinx  drupiferarm    Abbo 

&  Smith hackberry  sph: 

Head  bluish  green  with  light  green  stripe.  Body  11 
green  with  seven  oblique  yellow  stripes  edged  ab 
with  bluish  green,  caudal  horn  pale  blue.  Green  i 
common  lilac.  Larvae  present  from  July  to  Septeml 
Sphinx  chersis  (Hiibner) great  ash  sphi 


Dorsal  hump  present  on  8th  abdominal  segment 
Dorsal  hump  absent  on  8th  abdominal  segment  , 


Head  orange  or  reddish  orange 

Head  yellow,  body  pink  to  gray  with  three  black  dc 
lines.  Reddish-orange  enlargement  on  8th  abdon 
segment    (plate  1)  .    Bur    oak.    Larvae    present  ii 
August  to  October.  Symmerista  albifrons  (J.  E.  Sm 
redhumped  oakv 


Body  yellowish  with  five  black  dorsal  lines,  1 
orange.  Orange  enlargement  on  8th  abdominal 
ment.  Bur  oak.  Larvae  present  from  Junt 
September.  Symmerista  canicosta  Franclemont 

a  redhumped  oakv  'i 

Body  pink  to  gray  with  five  black  dorsal  lines, 
reddish   orange.    Reddish-orange   enlargement  on  | 
abdominal    segment.    Bur   oak.    Larvae   present 
August  to  October.  Symmerista  albicosta  (Hiibner) 
a  redhumped  oakv 
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Prominent  projections  (scoli)  present  on  one  or  more 

thoracic  segments 69 

Prominent  projections  absent  on  all  thoracic  segments 
(fig.  7)    70 


Head  bluish  green  shaded  with  brown.  Body  light  green 
with  six  pink  or  green  tubercles  per  segment.  White 
willow,  American  elm,  Siberian  elm,  paper  birch. 
Larvae  present  from  July  to  September. 

Actios  luno  (L.) luna  moth 

Head  yellowish  green  with  two  black  spots.  Body  green 
with  four  coral-red  tubercles  on  thoracic  segments,  two 
rows  of  yellow  tubercles  down  the  back,  and  two  rows 
of  blue  tubercles  down  each  side.  White  willow,  green 
ash,  boxelder,  common  lilac,  common  chokecherry. 
Larvae  present  from  June  to  October.  Hyalophora 
cecropia  (L.) cecropia  moth 


Dorsal  projection  or  hump  present  on  1st  abdominal 

segment 71 

Dorsal  projection  or  hump  absent  on  1st  abdominal 
segment.  Head  reddish  brown.  Body  green  with  orange 
spiracles,  orange  or  gold  tubercles  with  a  silvery  tint  on 
each  segment,  last  body  segment  edged  with  purple 
(plate  1).  White  willow,  cottonwood,  American  elm, 
Siberian  elm,  basswood,  paper  birch.  Larvae  present 
from  June  to  October.  Antheraea  polyphemus 
(Cramer) polyphemus  moth 


Head  green 72 

Head  purple  with  dark  lines.  Body  reddish  brown  and 
marked  with  two  oblique  white  stripes,  bifurcate 
dorsal  projections  with  a  spine  on  each  point  (fig.  45). 
White  willow,  boxelder,  paper  birch.  Larvae  present 
from  July  to  September.  Schizura  ipomoeae 
Doubleday false  unicorn  caterpillar 
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Figure  45.— False  unicorn  caterpillar  (Schizura  ipomoeae)  start 
to  molt  (note  old  head  capsule). 


72(71).  Body  bluish  green  with  dorsal  projections  on 
abdominal  segments.  Head  pale  green  with  four  wr 
and  two  black  lines.  American  elm,  Siberian  e 
Larvae    present    from    June    to    September.    Net 

bidentata  Walker    serrated  elm  caterpij 

72'.        Body  variegated  white  and  brown  with  a  dorsal  proJ 
tion  on  1st  abdominal  segment  (fig.  46).  Mesothc  i 
and    metathorax    (fig.   7)   are   green.   Head   green 
brown.   American   elm,    Siberian   elm,   white   will 
common   chokecherry.   Larvae  present  from  Jul\v; 
September.  Schizura  unicornis  (J.  E.  Smith) 
unicorn  caterp  I 


Figure  46.— Unicorn  caterpillar  (Schizura  unicornis). 
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(61).      Head  green,  dark  brown,  black 74 

13\         Head  orange,  reddish  brown 75 


Spruce  needles  clipped  and  webbed  together.  Head 
dark  brown  or  black,  body  pale  yellow  to  dark  brown 
with  yellowish  hair-bearing  tubercles.  Larvae  present 
from    bud    break    until   June.    Choristoneura    biennis 

Freeman  (plate  3) two-year-cycle  budworm 

Choristoneura  fumiferana  (Clemens) 

spruce  budworm 

Hardwood  leaves  defoliated.  Head  green  with  red 
lateral  stripe,  body  green  to  yellowish  green  with 
reddish-purple  saddle-shaped  patch  on  abdominal 
segments  3,  4,  and  5.  American  elm,  Siberian  elm, 
white  willow,  common  chokecherry,  paper  birch. 
Larvae  present  June  to  September.  Heterocampa 
guttivitta  (Walker)    saddled  prominent 


Head  orange  with  black  and  white  lateral  stripes.  Body 
yellowish  green  with  reddish-brown  band  bordered  by 
a  yellow  stripe  from  base  of  head  to  the  last  abdominal 
segment  (fig.  47).  American  elm,  Siberian  elm,  bur 
oak,  paper  birch.  Larvae  present  from  July  to 
September.  Heterocampa  manteo  (Doubleday) 

variable  oakleaf  caterpillar 

Head  reddish  brown,  body  yellowish  green  with 
reddish-brown  band  from  the  head  to  the  8th  abdom- 
inal segment.  Anal  prolegs  modified  into  tails.  Willow. 
Larvae  present  from  July  to  September.  Cerura  prob. 
scolopendrina  (Boisduval)    a  twotailed  caterpillar 


Prolegs  on  abdominal  segment  6,  absent  from 

segment  5 77 

Prolegs  on  abdominal  segments  5  and  6,  rudimentary 
pair  on  5th  segment.  Body  varies  from  brown  to  green 
with  three  white  lines  above  spiracles  and  a  yellow  line 
below  (fig.  48).  American  elm,  Siberian  elm,  American 
plum,  green  ash,  boxelder,  common  chokecherry. 
Larvae  present  from  May  to  June.  Alsophila  pometaria 
(Harris) fall  cankerworm 
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Figure  47.— Variable  oakleaf    caterpillar  (Heterocampa  mante 
A,  defoliation;  B,  larva  (light  phase);  C,  larvae  (d;, 
phase). 


44 


jure  48.— Fall  cankerworm  {Alsophila  pometaria). 


(76). 
r7\ 


Head  round  or  slightly  notched    78 

Head  deeply  notched  with  blunt  projections.  Body 
brown  to  gray  with  short  filaments  on  undersurface  of 
abdominal  segments  7  and  8  (plate  2;  fig.  49).  White 
willow,  boxelder,  tamarack,  larch,  paper  birch,  aspen. 
Larvae  present  from  July  to  August.  Biston  cognataria 
(Guenee) pepper-and-salt  moth 


?ure  49.— Pepper-and-salt  moth  (Biston  cognataria):  A,  larva;  B, 
notched  head. 

45 


78(77).      Head  dark  brown 79 

78'.        Head  yellow,  body  yellow  with  ten  longitudinal  black' 
lines    (plate    7).    American    elm,   Siberian   elm,   sand 
cherry,  boxelder,  American  plum.  Larvae  present  from 
May  to  July.  Erannis  tiliaria  (Harris)    .  .  .  linden  looper- 

79(78).      Abdominal    segments    2    and   3   with   projections  or 

swollen  ridges 80 

79'.  Abdominal  segments  2  and  3  without  projections  or> 
swollen  ridges.  Body  light  brown  to  black  with  a,' 
yellow  stripe  below  spiracles  (plate  1,  fig.  50),, 
American  elm,  Siberian  elm,  American  plum,  boxelder. I 
green  ash,  apple.  Larvae  present  from  May  to  July, 
Paleacrita  uernata  (Peck)    spring  cankerworm 


Figure  50.— Spring  cankerworm  (Paleacrita  uernata):  A,  damafi 
to  single  row  Siberian  elm  shelterbelt;  B,  larvae  ha) 
consumed  everything  but  leaf  petioles. 
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)(79). 


80' 


First  abdominal  segment  less  than  combined  length  of 

thoracic  segments  (fig.  7) 81 

First  abdominal  segment  equal  to  length  of  thoracic 
segments.  Body  light  to  dark  brown  with  a  raised  trans- 
verse ridge  on  abdominal  segments  2,  5,  and  8  (fig.  51). 
American  elm,  Siberian  elm.  Larvae  present  from  June 
to  July.  Ennomos  subsignarius  (Hiibner) 
elm  spanworm 


igure  51.— Elm  spanworm  (Ennomos  subsignarius)  feeding  on 
American  elm  (note  transverse  ridge  on  abdominal 
segments  2,  5,  and  8). 


1(80).  Body  mottled  brown,  abdominal  segments  2  and  3 
with  a  pair  of  white  tipped  filaments.  American  elm, 
Siberian  elm.  Larvae  present  from  June  to  July. 
Nematocampa  limbata  (Haworth)  ....  filament  bearer 

81'.        Body  reddish  brown  and  covered  with  coarse  rugosi- 
ties, abdominal  segments  2  to  4  with  winged  lateral 
projections.  American  elm,  Siberian  elm.  Larvae  pres- 
ent from  July  to  August.  Nemoria  sp. 
a  winged  looper 
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SECTION  II.    GALL-MAKING  INSECTS  AND  MITES 


Galls  appear  as  abnormal  woody  growths  or  swellings  on  twiji 
and  branches,  closed  leaf  galls,  warty  eruptions  on  the  leaf  bladi  j 
rosette-type  leaf  clusters,  or  abnormal  fruit  development. 

1.  Damage  on  deciduous  trees  and  shrubs 

1'.           Damage  on  spruce.  Galls  on  twig  tips.  June.  Adelgi 
abietis  (L.) eastern  spruce  gall  aphi 

2(1).  Damage  on: 

Willow    

Hackberry    

Green  ash ] 

Boxelder,  silver  maple    ] 

Elm    J 

Cottonwood \ 

American  plum ! 

Common  chokecherry    ; 

Bur  oak    

Rose 

3(2).  Leaf  galls    

3'.  Twig  and  branch  galls 

4(3).  Leaves  stunted 

4'.  Leaves  not  stunted 


5(4).  Terminal  growth  with  one  pine  conelike  gall  (fig.  5 

Willow.  Summer.  Rhabdophaga  strobiloides  (Osten 

Sacken) pine  cone 

5'.           Terminal    growth    with    2   to    5   pine   conelike   ga 
Willow.  Summer.  Rhabdophaga  racemi  Felt 
clustered  willow 


Figure  52.— Pine  cone  gall  {Rhabdophaga  strobiloides):  A,  gal^i 
Salix  alba  (length  25-40  mm);  B,  gall  on  Salix  sp. 
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I). 


Smooth  spherical  gall,  yellow  with  red  tinge  (fig.  53). 
Willow.  June  to  October.  Pontania  hospes  (Walsh) 

willow  apple  gall 

Rough  flat-ovoid  gall,  yellowish  green  to  red  (fig.  54). 
Willow.  June  to  October.  Pontania  proximo  (Lepeletier) 
bean  gall  sawfly 


V 


B 


gure  53.— Willow  apple  gall  (Pontania  hospes)  on  Salix  sp. 
(diameter  8-12  mm).  This  gall  is  synonymous  with  P. 
pomum. 


;ure  54.— Bean  gall  sawfly  {Pontania  proximo)  on  willow.  This 
species  has  two  or  more  generations  per  year. 
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7(3).  Gall  on  current  season's  growth , 

7'.  Gall    not    on    current    season's    growth.    Gall    wi; 

diameter  of  2  inches  or  less  and  encircling  the  branc  i 
Serpentine   tunnels  packed   with   granular  frass,  e: 
hole   at  bottom   edge   of  gall.   Branch   dies.  Willo; 
Adults  (fig.  55)  present  in  June. 

Agrilus  politics  (Say) a  flatheaded  wood  bo  i 

Agrilus  criddlei  Frost a  flatheaded  wood  bo  i 


Figure  55.— A  flatheaded  willow  borer  (Agrilus  criddlei). 


8(7).  Single   larval   chamber,   narrowly   oval  gall.  Termi 

twig  beyond  gall   dies   and   forms   a  beak  (fig.  E 
Willow.  Summer.  Mayetiola  rigidae  (Osten  Sacken) 

willowbeaked  gall  mi 

8'.           Multiple  larval  chambers,  potato  type  gall  (fig.  .' 
Willow.  Summer.  Euura  sp a  sawfly  twig  i 


B 


Figure  56.— Willowbeaked  gall  midge  (Mayetiola  rigidae):  A, 
on  Salix  alba;  B,  gall  on  Salix  sp. 
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gure  hl.—Euura  sp.  on  willow  twig. 


2>- 

0'. 


)(9). 
10'. 


Leaf  gall 10 

Terminal  bud  slightly  enlarged,  2  to  3  larval  chambers. 
Hackberry.  Summer.  Pachypsylla  gemma  Riley 
hackberry  bud  gall 

Gall  on  leaf  blade 11 

Gall  on  midvein,  light  tan  to  dark  brown,  kidney 
shaped  (fig.  58).  Hackberry.  Summer.  Pachypsylla 
venusta  Osten  Sacken  .........  hackberry  petiolegall 
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Figure  58.— Hackberry   petiolegall    (Pachypsylla  uenusta),  lei  i 
10-20  mm. 


11(10).  Yellow  blister  gall  on  upper  leaf  surface,  small  b 
point  in  the  center,  irregular  to  circular  in  out 
Hackberry.  Summer.  Pachypsylla  celtidisvesicula  1 1 

hackberry  blister  ;l 

11'.        Light  green  mammiform  gall  on  lower  leaf  surface  '% 
59).   Cup-shaped   depressions   on   upper  leaf  sur^e, 
Hackberry.  Summer.  Pachypsylla  celtidismamma 
(Riley) hackberry  nipplegall  m  ei 
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rre  59.— Hackberry    nipplegall    maker    (Pachypsylla    celtidis- 
mamma),  length  8  mm. 


,(2). 
L2'. 


Found  on  buds  and  leaves    13 

Found  on  staminate  flowers;  distorted  lobulate  galls 
which  may  or  may  not  be  produced  on  stalks  (fig.  60). 
Green  ash.  Spring.  Eriophyes  fraxiniflora  Felt 
ash  flower  gall  mite 

59 


Figure  60 -Ash   flower   gall   mite    (Eriophyes  fraxiniflora): 
showing  the  difference  between  normal  male  flow . 
(1)  and   those   attacked   by  mites  (2);  B,  galls 
flower  stalks;  C,  leaves  attacked  by  mites. 

60 


jure  60C.— Leaves  attacked  by  mites. 


(12).      Found  on  the  midvein    14 

.3'.        Found  on  the  leaf  blade 15 

(13).  Spherical  gall  on  upper  surface  (fig.  61).  One  larva  per 
gall.  Green  ash.  June  to  September.  Cecidomyia  pellex 
Osten  Sacken ash  bullet  gall 

.4'.  Pouch-type  midrib  gall  with  exit  on  upper  leaf  surface 
(fig.  62).  Numerous  larvae  per  gall.  Green  ash.  Early 
summer.  Contarinia  canadensis  Felt  .  .  .  ash  midrib  gall 
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Figure  61—  Ash  bullet  gall   (Cecidomyia  pellex)  on  midvein 
green  ash. 


Figure  62.— Ash  midrib  gall  (Contarinia  canadensis). 
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5(13). 


15'. 


Bead  type     gall    (fig.   63)   that   protrudes   from   both 
surfaces  of  the  leaf  blade.  Green  ash.  Summer.  Aceria 

chrondriphora  Keifer a  beadtype  gall  mite 

Distorted  and  tightly  rolled  leaves  2  to  3  inches  in 
diameter  (fig.  60),  unstalked  lobulate  galls.  Green  ash. 
Summer.  Eriophyes  fraxinifiora  Felt 
ash  flower  gall  mite 


igure  63.— Aceria  chrondriphora  on  the  leaf  blade  of  green  ash. 


6(2).        Leafgall   17 

16'.  Twiggall,  gradual  swelling  with  entrance  hole  in 
bottom  half  (fig.  64) .  Boxelder.  May  to  July.  Proteoteras 
willingana    (Kearfott) boxelder  twig  borer 
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Figure  64.— Boxelder    twig    borer    (Proteoteras    willingana): 
mature  gall  with  entrance  hole  on  the  right  (lenj 
20-40  mm),  previous  year's  gall  on  the  left;  B,  fr< 
attack  with  exposed  frass. 

17(16).      Found  on  boxelder f 

17'.         Found  on  silver  maple I 

18  (17).     Galls  on  upper  leaf  surface I 

18'.        Midrib  gall  on  lower  leaf  surface.  Enlarged  pouch-t}| 
gall  with  exit  on  upper  leaf  surface  (fig.  65).  Numen  I 
maggots  per  gall.  Boxelder.  June  to  August.  Dasinei 
communis  Felt gouty  vein  { :1 
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'jure  65.— Gouty  vein  gall  (Dasineura  communis)  on  boxelder 
(length  10-25  mm). 


(18). 


.9'. 


Hemispherical  galls  on  midvein  (fig.  66),  light  green 
with    bluish     tint.     Boxelder.     June    to    September. 

Contarinia  negundifolia  Felt boxelder  leafgall 

Warty  swellings  on  leaf  surface  (fig.  67),  white  or 
brown  leaf  pile  (hair)  underneath.  Boxelder.  Summer. 
Aceria  negundi  Hodgkiss    warty  leafgall 


?gure  66.— Boxelder  leafgall  (Contarinia  negundifolia),  diameter 
2  mm,  height  3-5  mm. 
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Figure  67.— Warty       leaf  gall       (Aceria 
(diameter  3-5  mm). 


negundi)     on     boxeli 


20(17). 


20'. 


Warty  swellings  on  upper  leaf  surface  (fig.  68),  redl 
green.  Silver  maple.  Summer.  Vasates  quadripedes 

(Shimer) maple  bladdergall  dl 

Pile  (hair)  on  upper  leaf  surface,  pink.  Silver  man 
Summer.  Aceria  sp a  bladdergall  mi 


Figure  68.— Maple  bladdergall  mite  (Vasates  quadripedes). 
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Found  on  American  elm 22 

Found  on  Siberian  elm.  Spindle-shaped  gall  on  upper 
leaf  surface,  light  green.  Summer.  Aceria  sp  . 
a  finger  gall  mite 

Leafgall    23 

Twig  gall,  knotty  growth.  American  elm.  Summer. 
Eriosoma  rileyi  (Thomas) woolly  elm  bark  aphid 

Coxcomb-shaped  ridges  between  veins  on  upper  leaf 
surface.  Green  aphids  with  brown  or  black  legs. 
American  elm.  June  to  July.  Colopha  ulmicola   (Fitch) 

elm  cockscombgall  aphid 

Spindle-shaped   gall   on    upper  leaf  surface   (fig.  69). 
American  elm.  Summer.  Aceria  ulmicola  (Nalepa) 
elm  leaf  gall 


v 


P 


gure  69.— Elm  leafgall  (Aceria  ulmicola)  on  American  elm. 


Leafgall    25 

Bud  or  twiggall    27 

Damage  on  petiole 26 

Damage  on  leaf  blade.  Fleshy  convoluted  leaves  (fig. 
70).  Aphids  are  green  with  dusky  gray  head  and  legs. 
Cottonwood.  May  to  July.  Mordwilkoja  uagabunda 
(Walsh) poplar  vagabond  aphid 

67 


Figure  70.— Poplar  vagabond  aphid  (Mordwilkoja  uagabunda). 


26(25).      Round  gall  formed  by  petiole  only,  transverse  exits 
(fig.  71).  Cottonwood.  June  to  September.  Pemphig. 

populitransuersus  Riley    poplar  petiolegall  aph  i 

26'.         Round  gall  formed  by  swelling  and  twisting  of  tl 
petiole    and    leaf    blade,    angular   exit   slit    (fig.    75  j 
Cottonwood.  June  to  September.  Pemphigus  popu \ 
caulis  Fitch poplar  leaf-petiolegall  aphi  I 
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ure  71.— Poplar  petiolegall  aphid  (Pemphigus  populitrans- 
versus)  on  cottonwood;  diameter  12-19  mm  with  a 
transverse  exit  slit. 


ire  72.— Poplar  leaf-petiolegall  aphid  (Pemphigus  populi- 
caulis).  Gall  diameter  is  10-13  mm  with  a  twisted 
angular  exit  slit. 
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27(24).      Twig  gall 

27'.  Blasted  enlarged  buds,  minute  aborted  leaves  (fig.  7 
Cottonwood.  May  to  July.  Aceria  parapopuli  Keifer 
poplar  bud  gall  n  i 


Figure  73.— Poplar  bud  gall  mite  (Aceria  parapopuli). 


28(27).  Round  gall  formed  on  current  twig  growth  (fig.  1A)\ 
base  of  petiole,  transverse  exit  slit.  Cottonwood.  *  i! 
to  August.  Pemphigus  populiramulorum  Riley 

poplar  twiggall  aj  I 

28'.  Oval  or  oblong  gall  on  current  twig  growth,  round  :;l 
hole  (fig.  75).  Cottonwood,  aspen.  Summer.  Melt- 
gromyza  schineri  (Giraud)    poplar  twiggal  I 
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rure  74.— Poplar  twiggall  aphid  (Pemphigus populiramulorum). 


m 


'ijjare  7b.— Poplar  twiggall  fly  (Melanagromyza  schineri). 
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29(2).  Spindle-shaped  gall  on  upper  leaf  surface  (fig.  76),  3  ajj 
to  light  green.  American  plum,  common  chokecherj 
Summer.  Eriophyes  emarginate  Keifer 

a  finger  gall  nr 

29'.        Spindle-shaped  gall  on  lower  leaf  surface  (fig.  77),  li  j 
green.    American    plum.    Summer.    Eriophyes    cer 
crumena  Walsh a  finger  gall  mi 


Figure  76.— Eriophyes    emarginate    on    plum;    diameter    2 
length  5-8  mm. 
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':ure  77 .—Eriophyes  cerasi-crumena  on  plum;  diameter  2  mm, 
length  8-13  mm. 


|  2). 

0'. 


Spindle-shaped  gall  on  upper  leaf  surface  (fig.  76). 
Common     chokecherry,     American     plum.     Summer. 

Eriophyes  emarginate  Keifer    a  finger  gall  mite 

Fleshy  and  enlarged  fruit  (fig.  78),  abortive  seed, 
orange  maggots  present  until  fruit  drops.  Common 
chokecherry.  May  to  September.  Contarinia  uirgin- 
ianiae  (Felt) chokecherry  midge 
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Figure  78.— Chokecherry  midge   (Contarinia   virginianiae)  cavi 
premature  dropping  of  fruit. 


31(2).        Leaf  gall 1 

31'.  Twig  gall.  Light  tan  globular  woody  gall  with  a  re  i 
surface,  found  in  groups  of  3  or  more  (fig.  79).  J 
oak.  Summer.  Disholcaspis  quercusmamma  (Walsh)  > 
oak  bullet  I 

32(30).      Rosette-type  gall    1 

32'.         Woolly,  spherical,  or  blister-type  gall .  1 
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[ure  79.— Oak  bullet  gall  (Disholcaspis  quercusmamma)  on  bur 
oak.  Freshly  emerged  female  on  gall. 


1(31). 


3'. 


(31). 
14'. 


Distorted  rosette-type  leaves  less  than  xh  inch  in  length, 
1  to  3  larval  chambers  present.  Bur  oak.  Spring  and 

summer.  Cynips  sp an  oak  rosette  gall 

Circular  arrangement  of  rosette  leaflets  on  midvein,  1 
to  5  larval  chambers  present.  Bur  oak.  Early  summer. 
Andricus  foliosus  Weld June  gall  wasp 

Gall  attached  to  leaf  blade  or  veins 35 

Globose  gall  broadly  attached  to  the  petiole  or  midrib 
at  base  of  leaf  (fig.  80),  smooth,  multiple  larval 
chambers.  Bur  oak.  Summer.  Andricus  petiolicola 
(Osten  Sacken) oak  petiolegall 
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Figure  80.— Oak  petiolegall  (Andricus  petiolicola).  This  gall  I 
also  be  located  on  the  midrib. 


35(33).      Galls  on  lower  leaf  surface 

35'.        Galls  on  upper  leaf  surface.  Blister-type  galls  vary  frc  j 
yellow  to  red  with  brown  pile  (hair)  inside  opening  i 
lower  leaf  surface  (fig.  81).  Bur  oak.  Summer.  Ace 
querci  (Garman) a  blister  gall  mn 


Figure  81.— A  blister  gall  mite  (Aceria  querci)  on  bur  oak. 
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i(35). 
36'. 


Woody  gall  has  facets  with  or  without  spines 37 

Dense  woolly  gall  has  white  or  red  pile  (fig.  82a). 
Attached  to  the  vein.  Larval  cells  resemble  kernels  (fig. 
82b).  Bur  oak.  Summer  and  fall.  Andricus  ignotus 
(Bassett) woolly  oak  gall 


/ 


B 


jure  82.— Woolly  oak  gall  (Andricus  ignotus):  A,  woolly  hair 
covering  several  kernel  shaped  larval  cells;  B,  larval 
cells  exposed  showing  exit  holes. 
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37(36).      Gall    light    brown.    Crisscrossed    cracks    resulting  I 
spineless  facets  (fig.  83).  Bur  oak.  Summer.  Acrat\ 

macrocarpae  Bassett jewel  oak  ; 

37'.  Gall  light  tan.  Crisscrossed  fissures  resulting  in  cone] 
projections  with  spines  (fig.  84).  Bur  oak.  Sumn 
Acraspis  villosa  Gillette    hairy  oak 


Figure  83.— Jewel  oak  gall  (Acraspis  macrocarpae). 


Figure  84.— Hairy  oak  gall  (Acraspis  villosa). 
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2). 

8'. 


371 


9'. 


Leaf  gall 39 

Stem  gall,  green  to  reddish  brown  with  sparse  short 
spines.  Numerous  larval  chambers.  Rose.  Summer. 
Diplolepis  spinosa  (Ashmead) rose  twiggall 

Spiked  gall,  yellow  with  red  tinge,  on  lower  leaf 
surface.  Rose.  Summer.  Diplolepis  bicolor  (Harris) 

spiny  rose  gall 

Pine  conelike  gall  on  terminal  growth  (fig.  85).  Rose. 
Summer  and  fall.  Rhabdophaga  rosacea  Felt 

rosette  midge 


ire  85.— Rosette  midge  (Rhabdophaga  rosacea). 
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Plate  1 


■■■ 


Polyphemus  moth 
(Antheraea  polyphemus) 


>  JtfTm 

^|r                    ■     %    *^H^I 

£#■<*            ^ 

I 

^L 

i 

Red-humped  oakworm 
(Symmerista  albifrons) 


Spring  cankerworm 
(Paleacrita  uernata) 


Plate  2 


Blackheaded  ash  sawfly 
(Tethida  cordigera) 


Larch  sawfly 
(Pristiphora  erichsonii) 


Pepper-and-salt  moth 
(Biston  cognataria) 


Plate  3 


Spruce  needle  miner 
(Taniua  albolineana) 


Two-year-cycle  budworm 
(Choristoneura  biennis) 


Pearslug 
(Caliroa  cerasi) 


Plate  4 


A  twig  aphid 
(Pterocomma  sp.) 


Chokecherry  aphid 
(Aphis  cerasifoliae) 


Fall  webworm 
(Hyphantria  cunea) 


Plate  5 


Ash  borer 

(Podosesia  syringae  fraxini) 


Elm  sphinx 
(Ceratomia  amynton) 


A  dagger  moth 
(Acronicta  dactylina) 


Western  pine  tip  moth 
(Rhyacionia  bushnelli) 


Plate  6 


Forest  tent  caterpill:  i 
(Malacosoma  disstrui 


Prairie  tent  caterpillar   (Malacosoma  californicum  lutescens) 


■   ^v    ±-' 


^Efltettt 


poper  (Erannis  tiliaria) 

foolly  apple  aphid 
Iriosoma  lanigerum) 


Plate  7         pjne  pitch-nodule  maker 
(Petrova  luculentana) 


Yellownecked  caterpillar  Yellowheaded  spruce  sai 

(Datana  ministra)  Plate  8    (Pikonema  alaskensis) 

Carpenterworm   (Prionoxystus  robiniae) 


SECTION  III.       BORING  AND  LEAF-MINING  INSECTS 
lects  feed  internally  on  woody  tissue,  fruits,  seeds,  or  leaves. 

Larvae  mine  leaves 2 

Larvae  bore  into  wood  or  fruit 17 

Feed  in  hardwood  leaves    3 

Feed  in  spruce,  larch,  or  tamarack  needles 14 

Larvae  construct  serpentine  or  linear  mines 4 

Larvae  construct  blotch  mines 7 

Feed  in  bur  oak  or  elm  leaves 5 

Feed  in  cottonwood  or  willow  leaves 6 

Serpentine  mine  on  upper  leaf  surface  (fig.  86).  Bur 
oak.    Larvae    present    from    August    to    September. 

Agromyza  sp    a  serpentine  leafminer 

Linear  mine  on  upper  leaf  surface.  Mine  narrow  and 
terminates  in  a  blotch.  American  elm,  Siberian  elm. 
Larvae  present  from  May  to  July.  Agromyza  aristata 
Malloch a  leafmining  fly 


iure  86.— Agromyza  sp.  on  bur  oak. 
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6(4).  Meandering  mine  on  lower  leaf  surface.  Frass  arrang* : 

in  a  definite  trail  (fig.  87).  Cottonwood,  aspen.  Larva 
present  from  July  to  August.  Phyllocnistis  populiel : 

(Chambers) aspen  leafmim  i 

6'.           Serpentine  mine  on  upper  leaf  surface.  Willow.  Larv;< 
present  during  July.  Agromyza  sp. 
a  serpentine  leafmin 


Figure  87.— Damage  of  aspen  leafminer  (Phyllocnistis  populiel : 


7(3). 

7'. 

8(7). 
8'. 


9(8). 
9'. 


Head  sclerotized 

Head  not  sclerotized 

Larvae  are  solitary  miners 

Larvae  are  gregarious  miners.  Head  and  bet 
depressed,  pointed  mouthparts.  Bur  oak.  Lar' 
present  from  June  to  September.  Cameraria  cirni 
natiella  (Chambers) gregarious  oak  leaf  mi  i 

Head  rounded  (fig.  89) P 

Head  pointed  (fig.  90a)    
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0(9). 


10'. 


Found  on  American  elm.  Mine  parallel  to  leaf  vein  (fig. 
88).  Larvae  present  in  June.  Fenusa  ulmi  Sundevall 

elm  leafminer 

Found  on  cottonwood.  Irregular  blotch  mine  on  upper 
leaf  surface.  Larvae  (fig.  89)  present  from  July  to 
August.  Metallus  capitalis  (Norton) 

a  leafmining  sawfly 


Igure  88.— Damage  of  elm  leafminer  (Fenusa  ulmi)  on  American 
elm.  (Photo  courtesy  Conn.  Agr.  Exp.  Sta.). 
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lcm 


Figure  89.— Metallus  capitalis  (ventral  viev 


11(9).        Found  on  bur  oak    i 

11'.         Found  on  American  elm.  Blotch  mine.  Larvae  prestl 
during  July.  Cameraria  sp a  leafmining  caterpil  j 

12(11).      Larvae  with  prothorax  (fig.  7)  as  wide  as  metathon: 
head   and   body  depressed,  pointed  mouthparts  (1 
90a).   Body   with   dorsally   sclerotized  plates.  Lan 
feed   in    irregular   blotch   mine    (fig.    90b).   Bur  o;  1 
Larvae  present  from  June  to  August.  Cameraria  har,  I 

dryadella  (Clemens) solitary  oak  leafmii  j 

12'.         Larvae  with  prothorax  wider  than  metathorax,  boj 
depressed  and  tapers  caudally  (fig.  91).  Body  withe  | 
dorsally   sclerotized   plates.   Larvae   feed   in   irregu 
blotch   mine.    Bur   oak.    Larvae   present  during  Ju ( 
Brachys  aerosus  (Melsheimer) .  .  a  leafmining  bupres 
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Fgure  90.— Solitary  oak  leafminer  (Cameraria  hamadryadella): 
A,  larva;  B,  leaf  mine  on  bur  oak. 
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lmi 


Figure  91.— Brachys  aerosus  (dorsal  view). 


13(7).        Found  on  bur  oak.  Larvae  feed  in  blotch  mine  I 
upper    leaf    surface    from    June    to    August.  Jape 

gromyza  viridula  (Coquillett) a  leafminingl 

13'.  Found  on  cotton  wood.  One  or  more  larvae  feec  i 
dark  irregular  blotch  mine  from  July  to  Augi. 
Agromyza  populoides  Spencer     a  leafmining :/ 

14(2).        Spruce  needles  mined ) 

14'.         Larch  needles  mined,  late  summer  and  early  spri. 
Larvae  live  within  a  case  (fig.  92)  which  is  attache<  ) 
needles  while  feeding.  Siberian  larch,  tamarack.  Lai  is 
present  from  July  to  June.  Coleophora  laricella 
(Hiibner) larch  casebe,  r 
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'jure  92.— Larch  casebearer  (Coleophora  laricella):  A,  needle 
mining  damage  on  Siberian  larch;  B,  needle  with  case 
attached. 


[14). 

5'. 


Frass  absent  from  the  mine    16 

Frass  present  in  the  mine,  needles  mined  from  base  to 
apex.  Loose  webbing  containing  a  silken  tube  sur- 
rounds the  needles,  accumulation  of  frass  in  webbing 
and  tube  (fig.  93).  White  spruce,  blue  spruce.  Adults 
active  from  May  to  June.  Epinotia  nanana  (Treitchke) 
a  needlemining  caterpillar 
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Figure  93.— Damage  of  Epinotia  nanana. 


16(15).  Larvae  densely  web  cut  needles  together.  More  th. 
one  larvae  present,  accumulation  of  frass  in  webbi  i 
(plate  3;  fig.  94).  Pupate  in  frass  heap.  White  spruu 
blue  spruce.  Adults  active  from  June  to  July.  Tan\> 

albolineana  (Kearfott)    spruce  needle  mir: 

16'.         Larvae  loosely  web  uncut  needles  (fig.  95).  Only  oi 
larva    present,    very    little    accumulation    of  frass 
webbing.  White  spruce,  blue  spruce.  Adults  active  frc 
June  to  July.  Pulicalvaria  piceaella  (Kearfott) 
a  needle  mining  caterpill  i 
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?;ure  94.— Spruce  needle  miner (Taniva  albolineana):  A,  webbed 
needles;  B,  needle  mine  entrance. 
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I 


1cm 


Figure  95.— Damage  of  Pulicalvaria  piceaella. 


17(1). 
17'. 


18(17). 
18'. 


Larvae  feed  in  seed  or  in  pine  cones ]J 

Larvae  feed  on  roots,  bore  under  bark  or  into 

wood 'A. 

Found  on  hardwood  trees    '. ' 

Found  on  ponderosa  pine.  Caterpillars  mine  the  brae : 
and  seeds  of  pine  cones  (fig.  96).  One  or  more  larvi 
pupate  in  the  cone.  Larvae  found  from  July  to  Augu;  I 

Dioryctria  auranticella  (Grote) a  pine  cone  mo 

Dioryctria  disclusa  Heinrich a  pine  cone  mo 
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';ure  96 —Damage  of  Dioryctria  auranticella  to  ponderosa  pine 
cone. 


18).      Larvae  infest  seeds  of  Siberian  peashrub  or  green 

ash 20 

9'.         Larvae  infest  plums  or  acorns 21 

19).  Found  in  green  ash  seeds.  Grublike  larvae  present  from 
July  to  the  following  May.  Thysanocnemis  nr.  fraxini 
LeConte an  ash  seed  weevil 

0'.        Found    in    Siberian   peashrub   seeds.   Grublike   larvae 
present   from   July   to  the  following  May.   (fig.  97). 
Bruchophagus  caraganae  (Nikolskaya) 
caragana  seed  chalcid 
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Figure  97.— Caragana  seed  chalcid  (Bruchophagus  caraganae). 


21(19). 
21'. 


22(21). 
22'. 


23(17). 
23'. 

24(23). 
24'. 

25(24). 
25'. 


Grublike  larvae  in  plum  fruit   !  j 

Grublike  larvae  in  acorns,  pupate  in  the  soil.  Bur  oa< 
Larvae   present  from  July  to  August. 
Conotrachelus  posticatus  Boheman.  .  .  an  acorn  wee  ; 

Curculio  strictus  (Casey)    an  acorn  wee 

Curculio  iowensis  (Casey) an  acorn  wee  : 

Larvae  pupate  in  the  pit.  American  plum.  Anthonom  i 

scutellaris  LeConte plum  gou£  ■ 

Larvae  pupate  in  the  soil,  crescent-shaped  egg  pun 
tures  on  fruit.  American  plum.  Conotrachei  i 
nenuphar  (Herbst)    plum  curcu  i 

Found  in  evergreen  trees    ! 

Found  in  hardwood  trees 1 


Larvae  feed  on  live  wood  . 
Larvae  feed  on  dead  wood 


Larvae  feed  in  buds,  twigs,  or  branches    ! 

Larvae   feed   on  roots.  Grublike  larva  C-shaped  (J 
98c)  pupates  in  the  soil  (fig.  98a).  White  spruce,  bljj 
spruce.  Adults  (fig.  19)  active  during  July.  Polyphy  j 
hammondi  LeConte a  June  bee 
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•<•:'■.? 


B 


?ilure  98.— Polyphylla   hammondi:    A,   pupa    (lateral   view);  B, 
pupa  (ventral  view);  C,  larva  (lateral  view). 
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26(25).      Larvae  infest  terminal  twigs , , 

26'.         Larvae  infest  terminal  or  lateral  buds  and  bore  inn 
center  of  the  twig  (plate  6;  fig.  99).  Ponderosa  pin 
Austrian  pine,  Scotch  pine.  Larvae  present  from  Jui  i 
to  August.  Rhyacionia  bushnelli  Busck 
western  pine  tip  moi 


Figure  99.— Needle  mining  stage  of  the  western  pine  tip  mil 
(Rhyacionia  bushnelli). 


27(26).      Pitch  nodule  on  twig  or  branch    ! 

27'.         Wilted  brown  terminal  (fig.  100),  grublike  larvae  ft N 
downward  under  bark  and  destroy  2  or  more  year.' 
growth.  White  spruce,  blue  spruce.  Larvae  present  fr 
May  to  July.  Pissodes  strobi  (Peck)  .  .white  pine  we 
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Pit 


i 


iare  100.— White  pine  weevil  (Pissodes  strobi):  A,  dead  spruce 
terminal;  B,  emergence  holes;  C,  bark  removed  to 
expose  chip  cocoons  associated  with  emergence 
holes. 
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28(27).  Pitch  blister  lA  inch  in  diameter  (plate  7).  Ponderost 
pine,  Scotch  pine.  Larvae  present  from  June  to  Augus  , 
Petrova  luculentana  (Heinrich) 

pine  pitch-nodule  mak< : 

28'.        Pitch   mass   V2  inch  or  more  in  diameter  (fig.  101 
Austrian   pine,   Scotch  pine,  ponderosa  pine.  Larvj; 
present  from  June  to  August.  Dioryctria  zimmermai  1 

(Grote) Zimmerman  pine  mot 

Dioryctria  tumicolella  Mutuura  &  Munroe 

a  pitch  mass  bor< 


Figure  101.— Pitch  mass  made  by  Zimmerman  pine  moth  (D ior 
tria  zimmermani)  on  ponderosa  pine. 
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9(24).      Tunnel  less  than  3  inches  long  with  numerous  side 
branches  (fig.  102) 30 

29'.         Tunnel  more  than  3  inches  long  with  no  side 

branches 31 


Adult  beetles  with  toothed  elytra  (fig.  103a).  Radial 
gallery  associated  with  branch  whorl  (fig.  102),  grub- 
like larvae  infest  medium  to  large  branches.  Ponderosa 
pine.  Orthotomicus  caelatus  Eichhoff 

a  bark  beetle 

Adult  beetles  with  rounded  elytra  (fig.  103b).  Radial 
gallery  associated  with  branch  whorl,  grublike  larvae 
infest    medium    to    large    branches    in    dying    trees. 
Ponderosa  pine.  Pityophthorus  prob.   inquietus 
Blackman a  bark  beetle 


E*jure  102.— Gallery  of  Orthotomicus  caelatus. 
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1  mi 


lmm 


Figure  103.— Examples  of  elytra:  A,  Orthotomicus  caelatus; 
Pityophthorus  inquietus. 
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Tunnel  with  tightly  packed,  granular  frass 32 

Tunnel  with  fibrous  frass.  Larvae  bore  under  bark  of 
recently  killed  tree  and  construct  U-shaped  pupal 
chamber  in  heartwood.  Ponderosa  pine.  Monochamus 
maculosus  Haldeman    spotted  pine  sawyer 

Larvae  feed  in  limbs  IV2  inches  or  more  in  diameter 

33 

Larvae  feed  in  limbs  less  than  1V2  inches  in  diameter, 
pupate  between  two  wads  of  fibrous  chips.  Ponderosa 
pine.  Adults  active  from  June  to  August.  Batyle 
ignicollis  ignicollis  (Say)  .  .  .a  roundheaded  wood  borer 
(fig.  104)  Pogonocherus  mix tus  Haldeman 
a  roundheaded  wood  borer 


£ire  104.— Adult  Pogonocherus  mixtus  (6-7  mm). 
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33(32). 
33'. 


34(33). 


34'. 


Feeds  in  pine   3 

Feeds  in  Siberian  larch.  Larvae  bore  under  bark  i 
trunk  and  larger  branches.  Neoclytus  muricatulu 
muricatulus  (Kirby) a  roundheaded  wood  bore 


Larvae   bore   under   bark  at  the  base  of  dead  tree: 
Ponderosa  pine.  Arhopalus  foveicollis  (Haldeman) 

a  roundheaded  wood  bon 

Larvae  bore  under  bark  in  trunk  and  larger  branche 
Ponderosa  pine.  (fig.  105)  Neoclytus  acuminatus  (F.) 

redheaded  ash  bor 

Neoclytus  muricatulus  muricatulus  (Kirby) 

a  roundheaded  wood  bor 

(fig.  104)  Pogonocherus  mix tus  Haldeman 
a  roundheaded  wood  bor 


Figure  105.— Redheaded  ash  borer  (Neoclytus  acuminatus):  \ 
adult  and  emergence  hole;  B,  larva;  C,  tunnels. 
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(23).      Larvae  found  in  live  wood    36 

35'.         Larvae  found  in  dead  wood    68 

(35).      Larvae  tunnel  under  bark 37 

36'.         Larvae  tunnel  in  heartwood 51 

(36).  Larvae  bore  into  root  collar  (in  trunk  at  ground 

level) 38 

37'.         Larvae  not  associated  with  the  root  collar    39 


(37). 


'.8\ 


Larvae  linear,  with  sclerotized  plates  on  top  of  all  body 
segments,  pupate  under  bark  or  in  sapwood.  Willow 
and    cottonwood    stool    beds.    Mecas    inornata    Say 

a  roundheaded  wood  borer 

Larvae  C-shaped  pupate  under  bark.  Willow  stool  beds, 
(fig.  106)  Lepyrus  palustris  Scopoli a  weevil 


re  106.— An  adult  Lepyrus  palustris  (12  mm). 
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39(37).      Larvae  bore  into  trunk  or  main  branches 4( 

39'.         Larvae  bore  into  twigs  and  side  branches 4( 

40(39).      Tunnels  not  associated  with  bark  wounds    4; 

40'.  Tunnels  associated  with  bark  wounds.  Larvae  havi 
dorsal  thoracic  plate  marked  with  inverted  "V,' 
pupate  under  bark.  Two-year  life  cycle.  Cottonwood 
Poecilonata  cyanipes  (Say)  .  .  .  flatheaded  poplar  bore 

41(40).      Tunnels  less  than  5  inches  in  length   41 

41'.         Tunnels  more  than  5  inches  in  length 4< 

42(41).      Tunnel  not  strongly  sinuous 4: 

42'.         Tunnel  strongly  sinuous  (fig.  107),  transverse.  Unsuc ' 
cessful  attack.  Cottonwood.  Agrilus  liragus  Barter 
&  Brown bronze  poplar  boreH  j 


I 


Figure  107 -Gallery    of   unsuccessful   attack   of   bronze  popk 
borer  (Agrilus  liragus). 
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Tunnels  radiating  from  the  same  point  (fig.  108b), 
unstained,  larvae  C-shaped  (fig.  108a)  and  pupate 
under  bark.  American  elm,  Siberian  elm. 

Magdalis  armicollis  (Say)    red  elm  bark  weevil 

Magdalis  barbita  (Say)    black  elm  bark  weevil 

Tunnels  parallel  to  the  grain  (fig.  109)  and  originating 
from  a  transverse  egg  gallery.  Yellowish  foliage  in  July 
and  August.  Green  ash.  Leperisinus  californicus 

Swaine a  bark  beetle 

(fig.  110)  Leperisinus  aculeatus  Say 
eastern  ash  bark  beetle 


«,«/ 


>.. .  ^  • 


Igure  108.— Bark  removed  to  expose  larva  of  the  red  elm  bark 
weevil  (Magdalis  armicollis). 
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44(41).      Fifth   larval   body  segment  longer  than  wide,  spine 

present  on  last  abdominal  segment  (fig.  Ill) 4! 

44'.  Fifth  larval  body  segment  wider  than  long,  spine 
absent  on  last  abdominal  segment  (fig.  105b).  Greei 
ash.  Neoclytus  acuminatus  (F.)  .  .  redheaded  ash  bore 

45(44).      Found  in  bur  oak.  Pupate  under  bark  or  in  sapwood 
Adults  active   from   June   to  July.  Agrilus  obsolete 

guttatus  Gory a  flatheaded  wood  bore 

45'.         Found    in    cottonwood.    Pupate    under    bark    or  i 
sapwood  (fig.  107).  Adults  active  from  June  to  Julj ; 
Agrilus  liragus  Barter  &  Brown  .  .  .  bronze  poplar  bon 

46(39).      Tunnel  in  branches  more  than  lVfc  inches  in 

diameter 4, 

46'.        Tunnel  in  branches  less  than  IV2  inches  in  diameter  A. 


47(46).     Main  tunnel  meanders  under  the  bark    j 

47'.  Main  tunnel  transverse  (egg  gallery),  stained.  Larv 
tunnels  parallel  the  grain.  Yellowish  foliage  in  July  ai 
August.  Green  ash.  (fig.  109). 

Leperisinus  califomicus  Swaine   a  bark  beele 

(fig.  110)  Leperisinus  aculeatus  Say 
eastern  ash  bark  beete 


B 

Figure  109.— Leperisinus  califomicus:  A,  gallery  in  large  bran 
B,  gallery  girdling  small  branch  (note  characteris. 
stain  of  Ceratocystis  fungus). 
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B 


r;ure  110.— Galleries  of  the  eastern  ash  bark  beetle  {Leperisinus 
aculeatus):  A,  galleries  in  small  branch;  B,  general 
ized  drawing. 
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48(47).  Fifth  larval  body  segment  longer  than  wide,  spine 
present  on  last  abdominal  segment  (fig.  111).  Bur  oak 
Adults  active   from   June   to  July.  Agrilus  obsoleto 

guttatus  Gory a  flatheaded  wood  bore 

48'.         Fifth   larval   body   segment  wider  than   long,  spine 
absent     on     last     abdominal    segment    (fig.     105b) 
American  elm,  Siberian  elm,  green  ash.  Adults  activ 
from  June  to  August.  Neoclytus  acuminatus  (F.) 
redheaded  ash  bore 


49(46). 
49'. 


Main  tunnel  meanders  under  the  bark    5 

Main  tunnel  transverse  (egg  gallery),  stained.  Larv* 
tunnels  parallel  the  grain.  Yellowish  foliage  in  July  an 
August.  Green  ash.  (fig.  109)  Leperisinus  californicu 

Swaine a  bark  beet! 

(fig.  110)  Leperisinus  aculeatus  Say 
eastern  ash  bark  beet 


Urogomphi  (spines) 


Figure  111.— Generalized  drawing  of  an  Agrilus  larva. 
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Larvae  with  5th  body  segment  longer  than  wide,  spines 
present  on  last  abdominal  segment  (fig.  111).  Mean- 
dering or  zigzag  mine  alternates  between  bark  and 
sapwood.  Bur  oak.  Adults  present  from  May  to  July. 
Agrilus  bilineatus  (Weber)  .  .  .  twolined  chestnut  borer 
Larvae  with  5th  body  segment  wider  than  long,  spines 
absent  on  last  abdominal  segment.  Meandering  mines 
at  base  of  twigs.  Willow  and  cottonwood  stool  beds. 
Adults  active  during  July.  Mecas  inornata   Say 

a  roundheaded  wood  borer 

Bores  into  root  collar  or  roots    52 

Bores  into  wood  more  than  6  inches  aboveground  .  .57 

Found  in  roots 53 

Found  in  root  collar 54 


Found  in  cottonwood  stool  beds.  Tunnel  lA  inch  in 
diameter.  Head  light  to  dark  brown,  abdominal  prolegs 
(fig.  7)  present.  Aegeria  tibialis  (Harris) 

a  clearwinged  moth 

Found  in  bur  oak.  Tunnel  xh  inch  in  diameter.  Head 
black,  abdominal  prolegs  absent.  Adults  (fig.  112) 
present  from  July  to  August.  Prionus  imbricornis  (L.) 
tiiehorned  prionus 


gure  112.— Tiiehorned  prionus  (Prionus  imbricornis). 
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54(52). 
54'. 


Larvae  infest  willow  or  Cottonwood 
Larvae    infest    green   ash,   tunnel   V4   inch   or  less'  j 
diameter  (plate  5;  fig.   113).  Larva  white  with  lie 
brown  head.  Two-year  life  cycle.  Adults  present  frc 
May  to  September.  Podosesia  syringae  fraxini  Lugger 
ash  box 


Figure  113 -Damage  of  the  ash  borer  {Podosesia  syringae  fray 
in i)  in  green  ash.  Note  cast  pupal  skin. 


55(54). 
55'. 


Larvae  linearly  narrow gi 

Larvae  C-shaped,  similar  to  figure  108a",  tunnel  undd 
bark  and  in  sapwood,  construct  pupal  chamber  upwar  I 
1aa  if  he/ftwood-  wi"ow  and  cottonwood  stool  bed, 
Adults  (fig  16)  active  from  July  to  Septembe . 
Cryptorhynchus  lapathi  (L.).  .  poplar-and-willow  bow 
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6(55). 


56'. 


Tunnels  lA  inch  or  less  in  diameter.  Head  round  and 
visible,  abdominal  prolegs  (fig.  7)  present  (caterpillar). 
Cottonwood  stool  beds.  Aegeria  tibialis  (Harris) 

a  clearwinged  moth 

Tunnels    Vi    inch    in    diameter.    Head   depressed   and 
retracted,    abdominal     prolegs    absent.     Willow    and 
cottonwood  stool  beds.  Plectrodera  scalator  (F.) 
cottonwood  borer 


17(51). 
57'. 

8(57). 

58'. 


Larvae  bore  into  trunk  and  large  branches 58 

Larvae  bore  into  twigs  and  small  branches 65 

Larvae  infest  willow,  green  ash,  American  elm,  Siberian 

elm 59 

Larvae  infest  boxelder,  cottonwood 62 


lcm 


gure  114.— Pigeon  tremex  (Tremex  columba). 

Ill 


59(58).      Tunnel  packed  with  granular  frass    6  ] 

59'.         Tunnel  without  frass    61 

60(59).      Tunnel  round  in  cross  section.  Larva  with  spine  on  er : 
of  abdomen   (fig.   114).  American  elm,  Siberian  elr. 

Tremex  columba  (L.) pigeon  tremt . 

60'.         Tunnel  elliptical  in  cross  section.  Larva  without  spii ; 
on  end  of  abdomen,  dorsal  thoracic  plate  marked  wi1 
an  inverted  "V"  (fig.  115).  Green  ash.  Dicerca  divm 
cata  (Say) a  flatheaded  wood  bor  : 


lcm 


Figure  115.— Larva  of  Dicerca  divaricata. 

112 


59). 


V. 


Tunnel  V4  inch  or  less  in  diameter  (fig.  113).  Larva 
white  with  light  brown  head  (plate  5).  Two-year  life 
cycle.  Green  ash.  Adults  present  from  May  to  Septem- 
ber. Podosesia  syringae  fraxini  Lugger ash  borer 

Tunnel  V2  inch  or  less  in  diameter  (fig.  116).  Larva  light 
green  to  reddish  white  (plate  8)  with  dark  brown  head. 
Three-year  life  cycle.  Willow,  green  ash,  American  elm, 
Siberian  elm.  Adults  present  from  June  to  July. 
Prionoxystus  robiniae  (Peck) carpenterworm 


;ruxe  116. 


-Multiple  attacks  on  green  ash  by  the  carpenterworm 
{Prionoxystus  robiniae).  Note  empty  pupa  cases. 
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62(58). 
62'. 

63(62). 


63'. 


Tunnel  packed  with  granular  trass   ( ; 

Tunnel  without  frass    ( 


Tunnel  round  in  cross  section.  Larva  with  spine  on  er 
of  abdomen  (fig.  114).  Boxelder,  American  eli 
Siberian  elm.  Tremex  columba  (L.)  ...  pigeon  tremc 
Tunnel  elliptical  in  cross  section.  Larva  without  spii 
on  end  of  abdomen,  dorsal  thoracic  plate  marked  wi 
an  inverted  "V"  (fig.  115).  Boxelder,  cotton  wood,  (fj 
117a)  Dicerca  diuaricata  (Say) 

a  flatheaded  wood  bor 

(fig.  117b)    Dicerca  tenebrica  (Kirby) 

a  flatheaded  wood  bor 


Figure  117.— Dicerca  spp.:  A,  Dicerca  diuaricata  (note  diverg: 
wing  tips);  B,  Dicerca  tenebrica. 
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(62). 


14'. 


Larva  with  brown  retracted  head,  body  white,  abdom- 
inal prolegs  absent  (fig.   118).  Cottonwood.  Saperda 

calcarata  Say    poplar  borer 

Larva   with   dark   brown  visible  head,  body  light  to 
reddish   white    (plate   8),  abdominal  prolegs  present. 
Boxelder,  cottonwood.  Prionoxystus  robiniae  (Peck) 
carpenterworm 


iire  118.— Poplar  borer  {Saperda  calcarata):  A,  pupal  cell  with 
frass  plug;  B,  larva  (ventral  view);  C,  adult  with  bark 
depression  indicating  an  attack. 
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65(57).      Larvae  infest  willow,  cottonwood    i 

65'.         Larvae  infest  bur  oak,  boxelder,  hackberry,  green  ash 
( 


66(65).      Larvae  C-shaped,  similar  to  figure  108a.  Bore  und 
bark  and  in  sapwood,  construct  pupal  chamber  upwai 
in  heartwood.  Willow,  cottonwood.  Adults  (fig.  1 
present  from  July  to  September.    Cryptorhynchus 

lapathi  (L.) poplar-and-willow  bor< 

66'.        Larvae  S-shaped  (fig.  119).  Bores  down  pith  of  tw 
pupates  in  pith.  Willow  stool  bed.  Adults  present  fro 
May  to  June.  Janus  abbreviates  (Say) 
willow  shoot  sawf 


1  cm 


Figure  119.— Willow  shoot  sawfly  (Janus  abbreviatus). 


67(65).  Larvae  prune  twig  and  pupate  in  portion  attached 
tree.  Larva  white  with  retracted  head,  tunnel  in  t 
pith.  Bur  oak,  green  ash.  Adults  present  from  June 
August.  Psyrassa  unicolor  (Randall)  ....  a  twig  pru 
67'.  Larvae  prune  twig  and  pupate  in  severed  twig  betw! 
two  fibrous  wads.  Larva  white  with  retracted  h 
(fig.  120),  tunnel  in  twig  pith.  Bur  oak,  boxelder,  gr 
ash,  hackberry.  Adults  present  from  June  to  Ji 
Elaphidionoides  uillosus  (F.)    twig  prvi 
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re  120 —Twig  pruner  (Elaphidionoides  villosus):  A,  dorsal 
view  of  larva  with  pruned  oak  twig;  B,  lateral  view 
of  larva. 


■35).      Wood  in  state  of  decay,  bark  absent 69 

}8\        Dry  wood,  bark  intact    71 

>'(68).     Larvae  with  depressed  body,  head  retracted 70 

9'.  Larvae  with  cylindrical  white  body,  head  visible  (fig. 
114),  end  of  abdomen  with  brown  spine.  Tunnel  in 
heartwood.  Boxelder,  American  elm,  Siberian  elm. 
Larvae  present  from  June  to  following  May.  Tremex 
columba  (L.)    pigeon  tremex 
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70(69). 


70'. 


71(68). 
71'. 

72(71). 
72'. 


Larvae  with  dorsal  thoracic  plate  marked  with  inverte  I 
"V."  Tunnel   under   bark.   Cottonwood.  Poecilonaii 

cyanipes  (Say) flatheaded  poplar  bond 

Larvae  with  dorsal  thoracic  plate  unmarked.  Tunnel:  j 
sap  wood.  Willow.  Saperda  mutica  Say 


a  roundheaded  wood  bon 


Larvae  C-shaped,  cylindrical,  short 
Larvae  linear,  depressed,  long  .... 


Infest  dead  or  dying  elm ' 

Infest  dead  ash  twigs.  Transverse  unstained  gallery, 
inch  larval  mines  parallel  to  wood  grain,  numero 
attacks  on  the  same  tree.  Green  ash.  (fig.  12 
Leperisinus  fasciatus  LeConte 

whitebanded  ash  bark  bee! 

(fig.  122)  Leperisinus  criddlei  Swaine 
an  ash  bark  bee« 


Figure  121.— Gallery  of  whitebanded  ash  bark  beetle  (Leperis 
fasciatus). 
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ure  122.— Galleries  of  Leperisinus  criddlei 


72). 


3'. 


Main  gallery  transverse,  larvae  mine  parallel  to  grain, 
fan-shaped  pattern  (fig.  123).  American  elm.  Hylur- 
gopinus  rufipes  (Erichhoff )  .  .  .  native  elm  bark  beetle 
Main  gallery  parallel  to  grain,  transverse  larval  mines, 
fan-shaped  pattern  (fig.  124).  American  elm.  Scolytus 
multistriatus  (Marsham) 
smaller  European  elm  bark  beetle 
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Figure  123.— Native  elm  bark  beetle  (Hylurgopinus  rufipes):i 
adult;  B,  egg  gallery  and  larval  mines. 

120 


Lire  124.— Smaller  European  elm  bark  beetle  (Scolytus  multi- 
striatus):  A,  adult;  B,  brood  galleries  on  American 
elm  made  by  female  beetles  and  larvae. 


171).      Larvae  tunnel  in  center  of  twig 75 

Larvae  tunnel  under  bark 76 
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75(74).      Larvae  pupate  between  two  wads  of  fibrous  chips  n; 
center  of  twig.  Bur  oak.  Adults  present  from  May  1 
August.  Batyle  saturalis  saturalis  (Say) 

a  roundheaded  wood  bor  ( 

75'.  Larvae  pupate  using  only  one  fibrous  wad,  excava  i 
emergence  hole  before  pupation.  Bur  oak,  boxelde  • 
hackberry.  Adults  present  from  May  to  July.  Elaph. 
dion  mucronatum  (Say) spined  bark  bor 

76(74).      Larvae  infest  bur  oak,  boxelder,  hackberry    " 

76'.  Larvae  infest  cottonwood,  green  ash,  American  elu 
Siberian  elm 


77(76).      Dorsal  thoracic  plate  marked  (fig.  125) 
77'.         Dorsal  thoracic  plate  unmarked 


lmm 


Figure  125.— Chrysobothris  sexsignata  (dorsal  view). 
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[(77). 


78'. 


Dorsal  thoracic  plate  with  median  bisecting  line  (fig. 
Ill),  last  abdominal  segment  with  spines  (fig.  126) 

79 

Dorsal  thoracic  plate  marked  with  inverted  "V"  (fig. 
125),  last  abdominal  segment  without  spines.  Bur  oak, 
boxelder.  Chrysobothris  sexsignata  (Say) 
a  fjatheaded  wood  borer 


Urogomphi 


Igure  126— Dorsal   view   of  last  abdominal  segments  showing 
spines  (Agrilus  spp.). 


)(78).      Infest  boxelder.  Meandering  galleries  just  scoring  wood 
surface  (fig.  127).  Agrilus  masculinus  LeConte 
a  flatheaded  wood  borer 

'9'.         Infest    hackberry.    Meandering    galleries   just    scoring 
wood  surface. 

Agrilus  celti  Knull    a  flatheaded  wood  borer 

Agrilus  lecontei  Saunders  ...  a  flatheaded  wood  borer. 
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Figure  127.— Bark  removed  to  show  damage  of  Agrilus  masu 
linus  on  dead  boxelder  (note  "D"  shaped  emerger: 
holes). 

80(77).      Larvae  mine  under  bark  of  dead  dry  twigs,  constru 

pupal  chamber  under  barK  or  in  sapwood.  Boxeld; 

Hyperplatys  aspersus  (Say) 
a  roundheaded  wood  bo  i 

Hyperplatys  maculatus  Haldeman 

a  roundheaded  wood  bo 

80'.         Larvae  mine  under  bark  of  live  twig  the  first  ye;.1 

construct  long  pupal  chamber  down  center  of  twig  1 1 

second   year.    Bur   oak,   boxelder,   hackberry.   Adu  I 

present  from  May  to  July.  Elaphidion  mucronatum 

(Say) spined  bark  bo 
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Tunnels  with  tightly  packed  granular  frass 82 

Tunnels   with  fibrous  frass.   Larvae  score  bark  more 
than  wood,  pupate  in  bark  or  sap  wood.  American  elm, 
Siberian  elm.  Saperda  tridentata  Olivier 
elm  borer 

81).      Dorsal  thoracic  plate  marked  (fig.  125) 83 

2'.         Dorsal  thoracic  plate  unmarked   84 

Dorsal  plate  marked  with  a  single  bisecting  line  (fig. 
Ill),  last  abdominal  segment  with  spines  (fig.  126). 
Larvae  tunnel  under  bark,  pupate  in  sapwood.  Green 

ash.  Agrilus  sp    a  flatheaded  wood  borer 

Dorsal  plate  marked  with  inverted  "V"  (fig. 125),  last 
abdominal  segment  without  spines.  American  elm, 
Siberian  elm,  green  ash.  Chrysobothris  sexsignata  (Say) 
a  flatheaded  wood  borer 

Larvae  infest  cotton  wood.  Meandering  tunnels  under 
bark  just  score  the  wood,  pupate  under  bark  or  in 
sapwood.  Hyperplatys  aspersus  (Say) 

a  roundheaded  wood  borer 

Hyperplatys  maculatus  Haldeman 

a  roundheaded  wood  borer 

Larvae  infest  green  ash.  Meandering  tunnels  under  bark 
generally  parallel  the  wood  grain  (fig.  105),  pupate 
within  inch  of  wood  surface. 

Neoclytus  acuminatus  (F.) redheaded  ash  borer 

Obrium  ruffulum  Gahan  .  .  .a  roundheaded  wood  borer 
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SECTION  IV.  SAP-SUCKING  INSECTS 


I.ects  feeding  on  plant  sap  produce  puncture  wounds,  stippled 
dcoloration,  or  leaf  curls;  scale  insects. 

Insects  are  covered  with  shell  or  pitch  mass, 

immobile 2 

1'.         Insects  are  free  feeding  or  found  within  a  leaf  curl, 
mobile 7 

Found  on  evergreens    3 

Found  on  hardwoods 5 


Soft-bodied  insect  covered  with  a  shell  (scale) 4 

Maggot  covered  with  pitch  mass.  Ponderosa  pine,  blue 
spruce.  Cecidomyia  reeksi  Vockeroth.  .  .  a  pitch  midge 

Scale  white  with  brown  cap  (fig.  128).  Ponderosa  pine, 
Scotch    pine,    white    spruce,    blue    spruce.    Summer. 

Phenacaspis pinifoliae  (Fitch) pine  needle  scale 

Scale   brown,   round,   deeply  concave.  White  spruce, 
blue  spruce.  Summer.  Toumeyella  sp.    .  a  tortoise  scale 


?iure  128.— Pine  needle  scale  (Phenacaspis  pinifoliae)  on  spruce. 
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5(2). 


Absence  of  marginal  secretion  around  edge  of  scale 


5'. 


Presence  of  flocculent  material  around  edge  of  sea 
(fig.   129),   lA  inch  in  diameter.  Green  ash,  boxelde 
silver  maple.  Summer.  Pulvinaria  innumerabilis 
(Rathvon) cottony  maple  sea 


Figure  129.— Cottony  maple  scale  (Pulvinaria  innumerabilis). 
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Scale  gray  to  dark  brown,  dark  central  nipple;  1/16 
inch  in  diameter.  Cottonwood,  green  ash,  boxelder, 
hackberry.  Aspidiotus  ancylus  (Putnam) 

Putnam  scale 

Scale  brown  (fig.  130),  3/16  inch  in  diameter.  Green 
ash,  boxelder,  American  elm,  Siberian  elm.  Summer. 
Lecanium  corni  Bouche European  fruit  lecanium 


ire  130.— European  fruit  lecanium  (Lecanium  corni)  on  green 
ash. 

Found  on  evergreens    8 

Found  on  hardwoods 9 

Found  on  white  spruce  or  blue  spruce.  Trace  of 
webbing  between  discolored  needles.  Mite  barely 
visible  to  naked  eye.  Tetranychus  urticae  Koch 

two  spotted  spider  mite 

Found  on  ponderosa  pine  and  Scotch  pine.  No  webbing 
associated  with  discolored  needles.  Aphids  with 
cornicle  (fig.  134),  body  dark  brown  to  black.  Aphids 
present  from  July  to  August.  Cinara  sp.  .  .  a  pine  aphid 

Adults  with  wings,  rest  flat  on  back.  (fig.  131,  133), 
hind  wings  approximately  same  size  as  front  wings 

10 

Adults  with  or  without  wings.  If  present,  held  above 
the  abdomen,  hind  wing  much  smaller  than  front  wing, 
(fig.  134)    14 

l|).        Wings  highly  sculptured  (fig.  131)    11 

111'.         Wings  not  sculptured    12 
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Figure  131.— Oak  lace  bug  (Corythucha  arcuata):  A,  adult 
nymphs  on  bur  oak. 


11(10).      Found  on  bur  oak  (fig.  131).  Leaves  discolored.  In 
present  from  mid  to  late  summer.    Corythucha  arc  uj 

(Say) oak  lace  I J 

11'.         Found   on   American   elm   and   Siberian  elm.   Lei 
discolored.   Insect  present  from  mid  to  late  sum  rfl 
Corythucha  ulmi  Osborn  &  Drake    elm  lace  | 

12(10).      Stippled  discoloration  on  boxelder  and  Siberian  eln 

12 

12'.         Stippled  discoloration  on  green  ash  (fig.  132a).  V'4 
light  tan   with   pinkish    markings    (fig.   132b).  Let 
present  from  June  to  October.    Neoborus  amoenu 
(Reuter) ash  plan 
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e  132.— Ash  plant  bug  (Neoborus  amoenus):  A,  damage;  B, 
adult. 


12).  Found  on  Siberian  peashrub.  Insect  red  with  black 
median  stripe,  wing  tip  black.  Insects  present  from 
July  to  September.  Lopidea  sp a  plant  bug 

3'.  Found  on  boxelder.  Insect  black  with  three  longitu- 
dinal red  lines  on  pronotum  (fig.  133),  wing  edge 
marked  with  red.  Insects  present  from  August  to 
October.  Leptocoris  trivittatus  (Say)  .  .  .  boxelder  bug 
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*J£    J 


B 


Figure  133— Boxelder  bug  (Leptocoris  tr  wit  tat  us):  A,  adi.'.B 
nymphs. 
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M9)- 


(14). 


L5'. 


Aphids  on 

Boxelder,  Siberian  peashrub 15 

Cottonwood 16 

Willow    17 

American  plum 18 

Common  chokecherry    19 

Green  ash 20 

American  elm 21 

Found  on  leaves  and  twigs  of  boxelder.  Body  light  to 
dark    olive    green,    cornicle    pale    green    (fig.    134). 

Periphyllus  negundinis  (Thomas) boxelder  aphid 

Found  on  leaves  and  seed  pods  of  Siberian  peashrub. 
Body  and  cornicle  (fig.  134)  light  green.  Acyrtho- 
siphon  caraganae  (Cholodkovsky)    ....  caragana  aphid 


Head 

\£_A)   Pro 

iK^fc^BAi  Meso 

Thorax 

i^>^^?}  Meta 

3J| 

4) 

Abdomen 

Cornicle 


Egure  134.— Generalized  drawing  of  a  winged  aphid. 
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16(14).  Body  greenish  yellow,  cornicle  (fig.  134)  short.  Aphil 
found  on  leaves  a.id  twigs  of  cottonwood.  Neoth : 
masia  populicola  (Thomas) 

cloudy  winged  cottonwood  leaf  ap  i 

16'.  Body  green  to  reddish  brown,  cornicle  (fig.  134)  lor  j 
Aphids  found  on  twigs  of  cottonwood.  Pterocomn 
populifoliae  (Fitch)    reddishbrown  poplar  apH 

17(14).  Body  yellow  to  dark  reddish  brown  (plate  4;  fig.  13  i 
antenna  hairy.  Found  on  twigs  of  willow.  Pteroconv  1 

sp a  willow  apl 

17'.  Body  pale  green,  antenna  (fig.  134)  hairless.  Found  : 
leaves  of  willow.  Cauariella  sp a  willow  ap] 


Figure  135.— A  willow  aphid  (Pterocomma  sp.)  on  white  wi! 


18(14).  Body  dark  brown,  head  and  thorax  dark  brov 
black,  cornicle  (fig.  134)  present.  Found  on  twig 
curled    leaves    of    American    plum.       Aphis    se 

(Thomas) rusty  plum 

18'.         Body  yellowish  green,  head  and  thorax  (fig.  134) 
brown  to  black,  cornicle  absent.  Found  on  twig 
curled  leaves  of  American  plum.  Asiphonaphis 
Wilson  &  Davis a  plum 
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Cornicle  present,  body  light  yellow  to  pale  green  (plate 
4;  fig.  134).  Found  on  twigs  and  curled  leaves  of 
common  chokecherry.  Aphis  cerasifoliae  Fitch 

chokecherry  aphid 

Cornicle  absent,  body  yellowish  green,  head  and 
thorax  (fig.  134)  dark  brown  to  black.  Found  on  twigs 
and  curled  leaves  of  common  chokecherry.  Asiphon- 
aphis  pruni  Wilson  &  Davis a  plum  aphid 

Body  pale  green,  antenna  (fig.  134)  shorter  than  1/3 
body   length.    Found   in   curled   leaves  of  green  ash. 

Prociphilus  fraxinifolii  (Riley) leafcurl  ash  aphid 

Body  brown,  antenna  (fig.  134)  longer  than  1/3  body 
length.  Found  on  twigs  of  green  ash.  Prociphilus 
uenafuscus  (Patch) smoky  winged  ash  aphid 


Leaves  with  marginal  leaf  curl  toward  ventral  surface 
(fig.  136).  Body  dark  green  to  dusky  gray.  American 
elm.    Aphids    present   from   May   to   July.   Eriosoma 

americanum  (Riley) woolly  elm  aphid 

Leaves  with  rosette-type  curl  (plate  7).  Body  yellowish 
to  rusty  brown.  American  elm.  Aphids  present  from 
April  to  July.  Eriosoma  lanigerum  (Hausmann) 
woolly  apple  aphid 


?ure  136.— Damage  of  the  woolly  elm  aphid  (Eriosoma  ameri- 
canum) on  American  elm. 
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APPENDIX 
GLOSSARY 


Anal:  Pertaining  to  the  last  segment  of  the  abdomen. 

Caudal:  Pertaining  to  the  anal  end  of  the  insect  body. 

Cervical:        Relating  or  belonging  to  the  neck. 

Cornicle:       The  terminal  dorsal  erect  horns  or  rounded  pro. 
tions  on  aphids. 

Dorsal:  Of  or  belonging  to  the  upper  surface. 

Elytra:  The  anterior  leathery  or  chitinous  wings  of  beet 

serving  as  coverings  to  the  hind  wings,  commo 
meeting  in  a  straight  line  down  the  middle 
dorsum  in  repose. 

Facet:  A  small  face  or  surface. 

Flocculent:   Consisting  of  soft  flakes. 

Frass:  Solid  excrement  of  insects;  wood  residue  left 

boring  insects. 

Larva:  An  insect  which  hatches  from  the  egg  and  di: 

fundamentally  in  form  from  the  adults. 

Mesothorax:The  second  or  middle  thoracic  segment  which  ttfjf 
the  middle  pair  of  legs. 


Proleg:  Any  process  or  appendage  that  serves  the  purpo; 

a  leg;  specifically  the  fleshy  unjointed  abdon 
legs  of  caterpillars  and  certain  sawfly  larvae. 

Pronotum:     The  upper  or  dorsal  surface  of  the  prothorax. 

Piothorax:     The  first  thoracic  segment  which  bears  the  ant 
pair  of  legs. 

Punctate:       Set  with  impressed  points  or  punctures. 

Rugosities:    Wrinkles. 


Scolus:  Tubercles  in  the  form  of  spinose  projections  o 

body  wall  of  certain  caterpillars. 
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:;ht 


Slender,  hairlike  appendages. 

Lateral  openings  on  the  segments  of  the  insect  body 
through  which  air  enters. 

The  line  of  juncture  between  the  elytra  of  a  beetle. 

The  second  region  of  the  insect  body  bearing  the 
true  legs  and  wings;  made  up  of  three  segments: 
pro  thorax,  mesothorax,  and  metathorax. 

A  small  abrupt  elevation  of  varying  form;  a  little 
solid  pimple  or  small  button;  in  caterpillars,  tuber- 
cles sometimes  bear  setae. 


145 


LIST  OF  TREES  AND  SHRUBS  MENTIONED  IN  KE\ 


Common  name 


Botanical  name 


Boxelder 

Silver  maple 

Saskatoon  serviceberry 

Paper  birch 

Siberian  peashrub 

Hackberry 

Peking  cotoneaster 

Russian-olive 

Green  ash 

Tamarack 

Tatarian  honeysuckle 

Apple 

White  spruce 

Blue  spruce 

Ponderosa  pine 

Scotch  pine 

Cottonwood 

Aspen 

American  plum 

Sand  cherry 

Common  chokecherry 

Bur  oak 

Rose 

White  willow 

Willow 

Common  lilac 

American  basswood 

American  elm 

Siberian  elm 


Acer  negundo  L. 

Acer  saccharinum  L. 

Amelanchier  alnifolia  (Nutt.)  N 

Betula  papyrifera  Marsh. 

Caragana  arborescens  Lamarch 

Celtis  occidentalis  L. 

Cotoneaster  acutifolia  Turczan 

Elaeagnus  angustifolia  L. 

Fraxinus  pennsylvanica  Marsh. 

Larix  laricina  (Du  Roi)  K.  Koc  I 

Lonicera  tatarica  L. 

Malus  spp. 

Picea  glauca  (Moench)  Voss 

Picea  pungens  Engelm. 

Pinus  ponderosa  Laws. 

Pinus  syluestris  L. 

Populus  deltoides  Bartr. 

Populus  spp. 

Prunus  americana  Marsh. 

Primus  pumila  L. 

Prunus  virgin iana  L. 

Quercus  macrocarpa  Michx. 

Rosa  spp. 

Salix  alba  L. 

Salix  spp. 

Syringa  vulgaris  L. 

Tilia  americana  L. 

Ulmus  americana  L. 

Ulmus  pumila  L. 
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JDEX  TO  INSECTS  AND  MITES 


jmbers  in  common  type  indicate  page  references; 
jmbers  in  bold  face  indicate  the  figures  or  plates. 

*eria  chrondriphora  (a  beadtype  gall  mite)     63,  80,  63 

eria  negundi  (warty  leafgall) 65,  80,  67 

eria  parapopuli  (poplar  bud  gall  mite) 70,  80,  73 

eria  querci  (a  blister  gall  mite) 76,  80,  81 

eria  sp.  (a  bladdergall  mite) 66 

eria  sp.  (a  finger  gall  mite)     67 

eria  ulmicola  (elm  leafgall) 67,  69 

raspis  macrocarpae  (jewel  oak  gall) 78,  80,  83 

raspis  villosa  (hairy  oak  gall) 78,  80,  84 

robasis  sp.  (a  leafrolling  moth)     2,  48,  4 

ronicta  americana  (American  dagger  moth)    36,  48,  40 

ronicta  dactylina  (a  dagger  moth)     37,  48,   41,  PI.  5 

ronicta  leporina  vulpina  (a  dagger  moth) 33,  48 

ronicta  lepusculina  (cottonwood  dagger  moth) 37,  48 

tias  luna  (luna  moth) 41,  48 

yrthosiphon  caraganae  (caragana  aphid)     137 

lelges  abietis  (eastern  spruce  gall  aphid) 54 

geria  tibialis  (a  clearwinged  moth)    109,  111,  127 

'rilus  bilineatus  (twolined  chestnut  borer)     109,  126 

rilus  celti  (a  flatheaded  wood  borer) 123,  129 

rilus  criddlei  (a  flatheaded  wood  borer) 56,  55 

rilus  lecontei  (a  flatheaded  wood  borer)     123,  129 

rilus  liragus  (bronze  poplar  borer)     104,  106,  126,  107 

rilus  masculinus  (a  flatheaded  wood  borer)    123,  129,  127 

rilus  obsoletoguttatus  (a  flatheaded  wood  borer)     106,  108,  126 

rilus  politus  (a  flatheaded  wood  borer) 56 

rilus  sp.  (a  flatheaded  wood  borer) 125,  126 

romyza  aristata  (a  leafmining  fly)     83 

romyza  populoides  (a  leafmining  fly) 88 

romyza  sp.  (a  serpentine  leafminer)    83,  86 

romyza  sp.  (a  serpentine  leafminer)    84 

sophila  pometaria  (fall  cankerworm) 43,  48,  48 

tica  plicipennis  (a  chrysomelid  leaf  beetle) 20,  48 

nerican  dagger  moth  (Acronicta  americana)    36,48,40 

dricus  foliosus  (June  gall  wasp) 75,  80 

dricus  ignotus  (woolly  oak  gall) 77,80,82 

dricus  petiolicola  (oak  petiolegall) 75,  80,  80 

theraea  polyphemus  (polyphemus  moth)     41,  48,  PI.  1 

thonomus  scutellaris  (plum  gouger) 94 

>his  cerasifoliae  (chokecherry  aphid) 139,  PI.  4 

'his  setariae  (rusty  plum  aphid)     138 

ipleleaf  skeletonizer  (Psorosina  hammondi)     6,52,7 

chips  argyrospilus  (fruittree  leafroller)     3,  48,  6 

chips  cerasivoranus  (uglynest  caterpillar) 12,  48,  12 

hopalus  foueicollis  (a  roundheaded  wood  borer) 102 

h  borer  (Podosesia  syringae  fraxini)     110,  113,  128,  113,  PI.  5 

h  bullet  gall  (Cecidomyia  pellex)    61,80,61 

h  flower  gall  mite  (Eriophyes  fraxiniflora) 59,  63,  81,  60 

hgray  blister  beetle  (Epicauta  fabricii) 19,  50,  21 

h  midrib  gall  (Contarinia  canadensis)     61,  80,  62 

h  plant  bug  (Neoborus  amoenus) 134,  132 
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Asiphonaphis  pruni  (a  plum  aphid)     138,  139 

Aspen  leafminer  (Phyllocnistis  populiella) 84,  87 

Aspidiotus  ancylus  (Putnam  scale) 133 

Asterocampa  celtis  (hackberry  caterpillar) 32 

Batyle  ignicollis  ignicollis  (a  roundheaded  wood  borer)    101 

Batyle  saturalis  saturalis  (a  roundheaded  wood  borer) 122,  129 

Bean  gall  sawfly  (Pontania  proximo)     55,82,  54 

Biston  cognataria  (pepper-and-salt  moth)     45,  48,  49,  PI.  2 

Black  elm  bark  weevil  (Magdalis  barbita) 51,  105,  127 

Blackheaded  ash  sawfly  (Tethida  cordigera) 28,  53,  PI.  2 

Boxelder  aphid  (Periphyllus  negundinis) 137 

Boxelder  bug  (Leptocoris  trivittatus) 135,  133 

Boxelder  leafgall  (Contarinia  negundifolia)    65,81,  66 

Boxelder  leafroller  (Gracillaria  negundella)    3,  5  ■» 

Boxelder  twig  borer  (Proteoteras  willingana) 6,  63,  128,  8,  64 

Brachys  aerosus  (a  leafmining  buprestid) 86,91 

Bronze  poplar  borer  (Agrilus  liragus) 104,  106,  126,  107 

Bruchophagus  caraganae  (caragana  seed  chalcid) 93,97 

Caliroa  cerasi  (pearslug) 29,  48,  PI.  3 

Caliroa  sp.  (a  slug  sawfly) 28,  49,  30 

Cameraria  cincinnatiella  (gregarious  oak  leafminer) 84 ■■ 

Cameraria  hamadryadella  (solitary  oak  leafminer) 86,  90 

Cameraria  sp.  (a  leafmining  caterpillar) 86 

Canarsia  ulmiarrosorella  (a  leaftieing  moth) 7,  49 

Caragana  aphid  (Acyrthosiphon  caraganae) 137 

Caragana  blister  beetle  (Epicauta  subglabra)     19,50 

Caragana  seed  chalcid  (Bruchophagus  caraganae)     93,  97 

Carpenterworm  (Prionoxystus  robiniae) 113,  115,  128,  116,  PI.  8 

Cavariella  sp.  (a  willow  aphid) 138 

Cecidomyia  pellex  (ash  bullet  gall) 61,80,61 

Cecidomyia  reeksi  (a  pitch  midge) 13] 

Cecidomyia  sp.  (a  leaffolding  fly)    2,  49, i 

Cecropia  moth  (Hyalophora  cecropia)     41,  5( 

Ceratomia  amyntor  (elm  sphinx) 40,  49,  PI.  I 

Cerura  prob.  scolopendrina  (a  twotailed  caterpillar)    43,  4{ 

Chokecherry  aphid  (Aphis  cerasifoliae) 139,  PI.  • 

Chokecherry  midge  (Contarinia  virginianiae) 73,  7! 

Choristoneura  biennis  (two-year-cycle  budworm) 43,  PI. 

Choristoneura  fumiferana  (spruce  budworm) 4 

Chrysobothris  sexsignata  (a  flatheaded  wood  borer)    .  .  .123,  125,  129,  12 

Chrysomela  scripta  (cottonwood  leaf  beetle) 20,  26,  49,  2  ! 

Cimbex  americana  (elm  sawfly) 27,  49,  2  I 

Cinara  sp.  (a  pine  aphid)     13  I 

Cloudywinged  cottonwood  leaf  aphid  (Neothomasia  populicola) 13): 

Clustered  willow  gall  (Rhabdophaga  racemi)    51 

Coleophora  laricella  (larch  casebearer)    88,9! 

Colopha  ulmicola  (elm  cockscombgall  aphid) 67,8. 

Conotrachelus  nenuphar  (plum  curculio)     S.j 

Conotrachelus  posticatus  (an  acorn  weevil) i 

Contarinia  canadensis  (ash  midrib  gall) 61,  80,  ( • 

Contarinia  negundifolia  (boxelder  leafgall)    65,81,11 

Contarinia  virginianiae  (chokecherry  midge)    73,  'I 

Corythucha  arcuata  (oak  lace  bug) 134,  1 

Corythucha  ulmi  (elm  lace  bug)     1 

Cotalpa  lanigera  (goldsmith  beetle)    17,  49, 

Cottonwood  borer  (Plectrodera  scalator)     1 
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ottonwood  dagger  moth  (Acronicta  lepusculina)     37,  48 

ottonwood  leaf  beetle  (Chrysomela  scripta) 20,  26,  49,  22 

i'ottony  maple  scale  (Pulvinaria  innumerabilis)     132,  129 

'ryptorhynchus  lapathi  (poplar-and-willow  borer)    .  .  14,  110,  116,  127,  16 

"urculio  iowensis  (an  acorn  weevil) 94 

■urculio  strictus  (an  acorn  weevil) 94 

'ynips  sp.  (an  oak  rosette  gall) 75,  81 

*asineura  communis  (gouty  vein  gall)     64,  81,  65 

'asychira  sp.  (a  spruce  tussock  moth)     37,  42 

tatana  ministra  (yellownecked  caterpillar)    33,  49,  37,  PI.  8 

\iapheromera  femorata  (walkingstick) 25,  49,  26 

Hcerca  divaricata  (a  flatheaded  wood  borer)   .  112,  114,  126,  127,  115,  117 

ficerca  tenebrica  (a  flatheaded  wood  borer) 114,  126,    127,    117 

Hchelonyx  subuittata  (a  June  beetle) 17,  49,  17 

\ioryctria  auranticella  (a  pine  cone  moth)     92,  96 

Moryctria  disclusa  (a  pine  cone  moth) 92 

'fioryctria  tumicolella  (a  pitch  mass  borer)    98,  101 

fioryctria  zimmermani  (Zimmerman  pine  moth) 98 

Hplolepis  bicolor  (spiny  rose  gall) 79 

Hplolepis  spinosa  (rose  twiggall) 79 

Hprion  similis  (introduced  pine  sawfly) 30,  49,  33 

fisholcaspis  quercusmamma  (oak  bullet  gall) 74,  81,  79 

fisonycha  alternata  (a  chrysomelid  leaf  beetle)    21,  49,  23 

[astern  ash  bark  beetle  (Leperisinus  aculcatus)     .  .   105,  106,  109,  126,  110 

(astern  spruce  gall  aphid  (Adelges  abietis) 54 

[astern  tent  caterpillar  (Malacosoma  americanum) 8,  51,  11 

Uaphidion  mucronatum  (spined  bark  borer) 122,  124,  129 

"laphidionoides  villosus  (twig  pruner)     116,  127,  120 

tfm  borer  (Saperda  tridentata) 125,  130 

Clm  cockscombgall  aphid  (Colopha  ulmicola)     67,80 

pim  lace  bug  (Corythucha  ulmi)    134 

Urn  leaf  beetle  {Pyrrhalta  luteola) 21,  26,  52,  24 

;im  leaf  gall  (Aceria  ulmicola)     67,  69 

Urn  leafminer  (Fenusa  ulmi)     85,  88 

llm  sawfly  (Cimbex  americana)     27,  49,  29 

Urn  spanworm  (Ennomos  subsignarius)     47,  50,  51 

Sim  sphinx  (Ceratomia  amyntor)     40,  49,  PI.  5 

$nnomos  subsignarius  (elm  spanworm) 47,  50,  51 

ipicauta  fabricii  (ashgray  blister  beetle) 19,  50,  21 

<lpicauta  subglabra  (caragana  blister  beetle) 19,50 

Zpinotia  nanana  (a  needlemining  caterpillar) 89,  93 

mmnis  tiliaria  (linden  looper)     46,  50,  PI.  7 

".riophyes  cerasi-crumena  (a  finger  gall  mite) 72,  81,77 

^.riophyes  emarginate  (a  finger  gall  mite)     7  2,  7  3,  81,  76 

Iriophyes  fraxiniflora  (ash  flower  gall  mite)     59,  63,  81,  60 

Iriosoma  americanum  (woolly  elm  aphid) 139,  136 

triosoma  lanigerum  (woolly  apple  aphid) 139,  PI.  7 

\riosoma  rileyi  (woolly  elm  bark  aphid) 67,  81 

European  fruit  lecanium  (Lecanium  corni)     133,  130 

European  pine  sawfly  (Neodiprion  sertifer) 30,  32 

Cuura  sp.  (a  sawfly  twiggall) 56,  81,  57 

pall  cankerworm  (Alsophila  pometaria)     43,  48,  48 

'"all  webworm  (Hyphantria  cunea) 8,  50,  10,  PI.  4 

ralse  unicorn  caterpillar  (Schizura  ipomoeae)     41,  52,  45 

"enusa  ulmi  (elm  leafminer) 85,  88 

"ilament  bearer  (Nematocampa  limbata)     47,  51 
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Flatheaded  poplar  borer  (Poeeilonata  cyanipes) 104,  118,  127,  13( 

Forest  tent  caterpillar  (Malacosoma  disstria) 34,51,   38,   PI.  I  jj 

Fruittree  leafroller  (Archips  argyrospilus) 3,  48,  { 

Goldsmith  beetle  (Cotalpa  lanigera) 17,  49,  If 

Gouty  vein  gall  (Dasineura  communis) 64,  81,  6f 

Gracillaria  ncgundella  (boxelder  leafroller)     3,  f  h 

Great  ash  sphinx  (Sphinx  chersis)     40,  55  j| 

Gregarious  oak  leafminer  (Cameraria  cineinnatiella)     8^  J| 

Hackberry  blister  gall  (Pachypsylla  celtidisuesicula) 58,8! 

Hackberry  bud  gall  (Pachypsylla  gemma)     57,8! 

Hackberry  caterpillar  (Asterocampa  celtis)     3i 

Hackberry  nipplegall  maker  (Pachypsylla  celtidismamma)     58,82,5i 

Hackberry  petiolegall  (Pachypsylla  venusta)     57,  82,  51 :, 

Hackberry  sphinx  (Sphinx  drupiferarm) 40,5!::, 

Hairy  oak  gall  (Acraspis  villosa) 78,  80,  8' 

Halisidota  maculata  (spotted  tussock  moth)     39,50,4"' 

Halisidota  tessellaris  (pale  tussock  moth)     38,  50,4: 

Heterocampa  guttivitta  (saddled  prominent)    43,  5i 

Heterocampa  manteo  (variable  oakleaf  caterpillar) 43,50,4' j 

Honeysuckle  sawfly  (Zaraea  inflata) 2' 

Hyalophora  cecropia  (cecropia  moth) 41,5' 

Hylurgopinus  rufipes  (native  elm  bark  beetle)     119,  129,  12 

Hyperplatys  aspersus  (a  roundheaded  wood  borer) 124,  125,  12"! 

Hyperplatys  maculatus  (a  roundheaded  wood  borer) 124,  125,  12 

Hyphantria  cunea  (fall  webworm) 8,  50,  10,  PI.  4  j 

Introduced  pine  sawfly  (Diprion  similis) 30,  49,3  f 

Itonida  sp.  (a  leaffolding  fly)     2,  50, 

Janus  abbreviatus  (willow  shoot  sawfly ) 116,  127 ,  Hi! 

Japanagromyza  viridula  (a  leafmining  fly) 8  j 

Jewel  oak  gall  (Acraspis  macrocarpae)     78,  80,  8  ; 

June  gall  wasp  (Andricus  foliosus) 75, 8.<j 

Larch  casebearer  (Coleophora  laricella) 88,8.11 

Larch  sawfly  (Pristiphora  erichsonii)     29,  PI.  ! 

Leafcurl  ash  aphid  (Prociphilus  fraxinifolii) 12| 

Lecanium  corni  (European  fruit  lecanium)     133,  121 

Leperisinus  aculeatus  (eastern  ash  bark  beetle)  .  .  .   105,  106,  109,  126,  11  j 

Leperisinus  californicus  (a  bark  beetle) 105,  106,  109,  126,  Hi 

Leperisinus  criddlei  (an  ash  bark  beetle) 118,  130,  15  9 

Leperisinus  fasciatus  (whitebanded  ash  bark  beetle)     118,  130,  l'A, 

Leptocoris  trivittatus  (boxelder  bug)    135,  lis 

Lepyrus  palustris  (a  weevil)     50,  103,  126,  1(1 

Limenitis  archippus  (viceroy) 32,50,  i| 

Linden  looper  (Erannis  tiliaria) 46,  50,  PI.  I 

Lopidea  sp.  (a  plant  bug) lijj 

Luna  moth  (Actias  luna)    41,  >  | 

Lytta  nuttallii  (Nuttall  blister  beetle) 19,!:; 

Magdalis  armicollis  (red  elm  bark  weevil)     14,  51,  105,  126,  15,  1(  f 

Magdalis  barbita  (black  elm  bark  weevil) 51,  105,  li } 

Malacosoma  americanum  (eastern  tent  caterpillar)     8,51,11 

Malacosoma  californicum  lutescens  (prairie  tent  caterpillar) 

7,  12,51,9,  PI. I 

Malacosoma  disstria  (forest  tent  caterpillar) 34,  51,  38,  PlJj 

Maple  bladdergall  mite  (Vasates  quadripedes)     66,(1 

Mayetiola  rigidae  (willowbeaked  gall  midge)     56,81,!  I' 

Mecasinornata  (a  roundheaded  wood  borer)     103,  109,  1!  ^ 

Melanagromyza  schineri  (poplar  twiggall  fly) 70,  81, 'if 
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anoplus  biviltatus  (twostriped  grasshopper)     24,  51,  25 

anoplus  femurrubrum  (redlegged  grasshopper)     24,51,  25 

anoplus sanguinipes  (migratory  grasshopper) 24,51,  25 

alius  capitalis  (a  leafmining  sawfly) 85,  89 

ratory  grasshopper  (Melanoplas  sanguinipes) 24,  51,  25 

nochamus  maculosus  (spotted  pine  sawyer) 101 

-dwilkoja  vagabunda  (poplar  vagabond  aphid) 67,  81,  70 

urningcloak  butterfly  (Nymphalis  antiopa) 32,  52,  35 

ive  elm  bark  beetle  (Hylurgopinus  rufipes) 119,  129,  123 

natocampa  limbata  (filament  bearer) 47,  51 

natus  mendicus  (a  willow  sawfly)    27,  51 

natus  ventralis  (willow  sawfly) 30,  51,  31 

noria  sp.  (a  winged  looper)     47 

iborus  amoenus  (ash  plant  bug)     134,  132 

wlytus  acuminatus  (redheaded  ash  borer) 
102,  106,  108, 125,  127,  128,  130,  105 

>clytus  muricatulus  muricatulus  (a  roundheaded  wood  borer) 102 

tdiprion  sertifer  (European  pine  sawfly) 30,  32 

>thomasia  populicola  (cloudywinged  cottonwood  leaf  aphid) 138 

ice  bidentata  (serrated  elm  caterpillar) 42,  51 

irotoma  inconspicua  (plum  webspinning  sawfly)     12,  52 

tall  blister  beetle  (Lytta  nuttallii) 19,  51 

nphalis  antiopa  (mourningcloak  butterfly) 32,  52,  35 

:  bullet  gall  (Disholcaspis  quercusmamma)     74,  81,  79 

[  lace  bug  (Corythucha  arcuata) 134,  131 

t  petiolegall  (Andricus  petiolicola) 75,80,  80 

\ium  ruffulum  (a  roundheaded  wood  borer)     125,  130 

\iotomicus  caelatus  (a  bark  beetle)     99,  102,  103 

fiypsylla  celtidismamma  (hackberry  nipplegall  maker) 58,82,  59 

hypsylla  celtidisvesicula  (hackberry  blister  gall) 58,  82 

hypsylla  gemma  (hackberry  bud  gall) 57,  82 

nypsylla  venusta  (hackberry  petiolegall) 57,  82,  58 

iacrita  vernata  (spring  cankerworm) 46,  52,  50,  PI.  1 

:f  tussock  moth  (Halisidota  tessellaris)     38,  50,  43 

;rslug  (Caliroa  cerasi) 29,  48,  PI.  3 

■\phigus  populicaulis  (poplar  leaf-petiolegall  aphid) 68,82,72 

iiphigus populiramulorum  (poplar  twiggall  aphid) 70,82,74 

'c'phigus populitransversus  (poplar  petiolegall  aphid) 68,82,71 

Eper-and-salt  moth  (Biston  cognataria)     45,  48,  49,  PI.  2 

iphyllus  negundinis  (boxelder  aphid) 137 

?:ova  luculentana  (pine  pitch-nodule  maker) 98,  128,  PI.  7 

hiacaspis  pinifoliae  (pine  needle  scale)     131,  128 

hljocnistis  populiella  (aspen  leafminer)    84,  87 

hllocolpa  bozemani  (poplar  leaffolding  sawfly) 1,  52,  1 

if*on  tremex  (Tremex  eolumba)    112,  114,  117,  128,  130,  114 

iimema  alaskensis  (yellowheaded  spruce  sawfly) 26,  28,  PI.  8 

ii;  cone  gall  (Rhabdophaga  strobiloides) 54,  82,  52 

ii  needle  scale  (Phenacaspis  pinifoliae)     131,  128 

it  pitch-nodule  maker  (Petrova  luculentana) 98,  128,  PI.  7 

i&des  strobi  (white  pine  weevil) 96,  127,  100 

itjpphthorus  prob.  inquietus  (a  bark  beetle)     99,  103 

ktrodera  scalator  (cottonwood  borer) Ill 

h,i  curculio  (Conotrachelus  nenuphar)     94 

In  gouger  (Anthonomus  scutellaris) 94 

hji  webspinning  sawfly  (Neurotoma  inconspicua)     12,52 
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Podosesia  syringae  fraxini  (ash  borer) 110,  113,  128,  113, 1 

Poecilonata  cyanipes  (flatheaded  poplar  borer)     104,  118,  127, 

Pogonocherus  mixtus  (a  roundheaded  wood  borer) 101,  102, 

Polygonia  interrogationis  (violet  tip  caterpillar)    32,52 

Polyphemus  moth  (Antheraea  polyphemus)     41,48,1 

Polyphylla  decemlineata  (tenlined  June  beetle)     18,52 

Polyphylla  hammondi  (a  June  beetle) 18,  52,  94,  19 

Pontania  hospes  (willow  apple  gall)    55,  82 

Pontania  proxima  (bean  gall  sawfly) 55,82 

Poplar-and-willow  borer  (Cryptorhynchus  lapathi)    .  .  14,  110,  116,  127 

Poplar  borer  (Saperda  calcarata)    115,  128,  I 

Poplar  bud  gall  mite  (Aceria  parapopuli) 70,  8( 

Poplar  leaffolding  sawfly  (Phyllocolpa  bozemani) 1,1] 

Poplar  leaf-petiolegall  aphid  (Pemphigus  populicaulis) 68,  8J ; 

Poplar  petiolegall  aphid  (Pemphigus  populitransversus) 68,81,'. 

Poplar  twiggall  aphid  (Pemphigus  populiramulorum) 70,8!,'l 

Poplar  twiggall  fly  (Melanagromyza  schineri) 70, 

Poplar  vagabond  aphid  (Mordwilkoja  uagabunda) 67,8   I 

Prairie  tent  caterpillar  (Malacosoma  californicum  lutescens) 

7,  12,51,9,91 

Prionoxystus  robiniae  (carpenterworm)     113,  118,  128,   116,  ;8 

Prionus  imbricornis  (tilehorned  prionus) 109,  128   2 

Pristiphora  erichsonii  (larch  sawfly) 29,  12 

Prociphilus  fraxinifolii  (leafcurl  ash  aphid)     i 

Prociphilus  uenafuscus  (smokywinged  ash  aphid)    1 

Proteoteras  willingana  (boxelder  twig  borer) 6,  63,  128,    fffi 

Psorosina  hammondi  (appleleaf  skeletonizer) 6,-n 

Psyrassa  unicolor  (a  twig  pruner) H 

Pterocomma  populifoliae  (reddishbrown  poplar  aphid)    <8: 

Pterocomma  sp.  (a  willow  aphid) 138,  135:  i 

Pulicaluaria  piceaella  (a  needle  mining  caterpillar) 5  ,')5 

Pulvinaria  innumerabilis  (cottony  maple  scale) 13!  ..'3 

Putnam  scale  (Aspidiotus  ancylus) 33 j 

Pyrrhalta  luteola  (elm  leaf  beetle)    21,  26,  !?24j 

Reddishbrown  poplar  aphid  (Pterocomma  populifoliae) iff 

Red  elm  bark  weevil  (Magdalis  armicollis) 14,  51,  105,  126,  1 

Redheaded  ash  borer  (Neoclytus  acuminatus) 

102,  106,  108,  125,  127,  128,  13  » OS 

Redhumped  oakworm  (Symmerista  albifrons) 40,51 

Redlegged  grasshopper  (Melanoplus  femurrubrum) 24,  >!$ 

Rhabdophaga  racemi  (clustered  willow  gall)     

Rhabdophaga  rosacea  (rosette  midge) 

Rhabdophaga  strobiloides  (pine  cone  gall) 54,  31 

Rhyacionia  bushnelli  (western  pine  tip  moth)     96,  128,9 

Rosette  midge  (Rhabdophaga  rosacea) 

Rose  twiggall  (Diplolepis  spinosa)    

Rusty  plum  aphid  (Aphis  setariae) * 

Saddled  prominent  (Heterocampa  guttivitta) -J 

Saperda  calcarata  (poplar  borer)    115,  l'.'.U 

Saperda  mutica  (a  roundheaded  wood  borer) 1    131 

Saperda  tridentata  (elm  borer)     1    13 

Schizura  ipomoeae  (false  unicorn  caterpillar) 41,'J 

Schizura  unicornis  (unicorn  caterpillar)     42 

Scolytus  multistriatus  (smaller  European  elm  bark  beetle)    .  .  119,1112 

Serrated  elm  caterpillar  (Nerice  bidentata)     

Smaller  European  elm  bark  beetle  (Scolytus  multistriatus)   .  .  119,  1 J  1» 
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kywinged  ash  aphid  (Proeiphilus  venafuscus) 139 

;ary  oak  leafminer  (Cameraria  hamadryadclla)     86,  90 

nx  chersis  (great  ash  sphinx) 40,  52 

nx  drupiferarm  (hackberry  sphinx)     40,  52 

ed  bark  borer  (Elaphidion  mucronatum) 122,  124,  129 

y  rose  gall  (Diplolepis  bicolor)     79 

;ted  pine  sawyer  (Monochamus  maculosus)     101 

;ted  tussock  moth  (Halisidota  metadata)    39,  50,  44 

ng  cankerworm  (Paleacrita  vernata)     46,52,  50,  PI.  1 

ice  budworm  (Choristoneura  fumiferana)     43 

ice  needle  miner  (Taniva  albolineana) 90,  94,  PI.  3 

merista  albicosta  (a  redhumped  oakworm)     40,  53 

merista  albifrons  (redhumped  oakworm) 40,  53,  PI.  1 

merista  canicosta  (a  redhumped  oakworm)    40,  53 

va  albolineana  (spruce  needle  miner)     90,  94,  PI.  3 

ined  June  beetle  (Polyphylla  decemlineata) 18,  52,  20 

.ida  cordigera  (blackheaded  ash  sawfly) 28,  53,  PI.  2 

anychus  urticae  (twospotted  spider  mite)     133 

sanocnemis  nr.  fraxini  (an  ash  seed  weevil) 93 

lorned  prionus  (Prionus  imbricornis)     109,  128,  112 

pe  velleda  (velleda  lappet  moth)    34,  53,  39 

neyella  sp.  (a  tortoise  scale) 131 

lex  columba  (pigeon  tremex) 112,  114,  117,  128,  130,  114 

It  pruner  (Elaphidionoides  uillosus) 116,  127,  120 

(lined  chestnut  borer  (Agrilus  bilineatus) 109,  126 

P potted  spider  mite  (Tetranychus  urticae) 133 
triped  grasshopper  (Melanoplus  bivittatus) 24,  51,  25 

(-year-cycle  budworm  (Choristoneura  biennis)     43,  PI.  3 

:nest  caterpillar  (Archips  cerasiuoranus) 12,  48,  12 

orn  caterpillar  (Schizura  unicornis)    42,  52,  46 

ible  oakleaf  caterpillar  (Heterocampa  man teo) 43,50,47 

tes  quadripedes  (maple  bladdergall  mite)     66,  68 

da  lappet  moth  (Tolype  velleda) 34,  53,  39 

::oy  (Limenitis  archippus) 32,  50,  36 

:?t  tip  caterpillar  (Polygonia  interrogationis) 32,  52,  34 

lingstick  (Diapheromera  femorata) 25,  49,  26 

y  leafgall  (Aceria  negundi) 65,  80,  67 

em  pine  tip  moth  (  Rhyacionia  bushnelli) 96,  128,  99,  PI.  6 

cebanded  ash  bark  beetle  (Leperisinus  fasciatus) 118,  130,  121 

ie  pine  weevil  (Pissodes  strobi) 96,  127,  100 

1  w  apple  gall  (Pontania  hospes) 55,  82,  53 

lwbeaked  gall  midge  (Mayetiola  rigidae)    56,  81,  56 

l-w  sawfly  (Nematus  ventralis) 30,  51,  31 

Ijw  shoot  sawfly  (Janus  abbreviatus) 116,  127,  119 

>  ly  apple  aphid  (Eriosoma  lanigerum) 139,  PI.  7 

>  ly  elm  aphid  (Eriosoma  americanum)     139,  136 

» ly  elm  bark  aphid  (Eriosoma  rileyi) 67,  81 

>ly  oak  gall  (Andricus  ignotus)     77,  80,  82 

Wheaded  spruce  sawfly  (Pikonema  alaskensis) 26,  28,  PI.  8 

Hwnecked  caterpillar  (Datana  ministra) 33,  49,  37,  PI.  8 

r<'.a  inflata  (honeysuckle  sawfly) 29 

nerman  pine  moth  (Dioryctria  zimmermani) 98 
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ABSTRACT 

Dry-season  moisture  stresses  were  measured  in  wild  seedlings  of 
Douglas-fir,  ponderosa  pine,  Engelmann  spruce,  and  corkbark  fir. 
Seedlings  less  than  about  15  cm  (6  inches)  tall  had  higher  stresses 
than  larger  trees;  above  15  cm  size  made  no  difference.  Nighttime 
recovery  was  complete.  There  was  no  increasing  trend  of  stresses 
through  the  dry  season  on  sites  and  seedling  sizes  sampled,  and 
day-to-day  variability  seemed  a  function  of  day-to-day  weather 
differences.  Species  differences  were  small  but  significant.  There 
are  implications  for  planting  and  for  the  use  of  plant  moisture 
stress  measurements  in  classifying  regeneration  habitats. 

Keywords:  Habitat  classification,  seedling  survival,  seedling  growth, 
regeneration,  Pseudotsuga  menziesii  var.  glauca,  Finus  ponderosa, 
Picea  engelmannii,  Abies  lasiocarpa  var.  arizonica,  pressure  bomb. 
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Moisture  Stresses  in  Arizona  Mixed  Conifer  Seedlings 


John    R.   Jones 


Because  much  of  the  Southwest  is  arid 
>r  semiarid,  some  foresters  feel  that  drying 
s  the  most  critical  source  of  regeneration  failures 
n  the  region.  But  the  Southwest  has  large 
limatic  differences;  those  familiar  with  south- 
western mixed  conifer  forests  know  how  wet 
hey  often  are.  They  also  know  the  persistent 
ry  and  often  windy  weather  that  characterizes 
hese  mixed  conifer  forests  in  spring  and  early 
ummer. 

In  this  study,  seedling  moisture  stresses 
ere  examined  during  the  dry  season  in  Arizona 
hxed  conifer  forest.  The  possibility  of  using 
lant  moisture  stress  (PMS)  was  also  explored 
s  a  tool  in  classifying  regeneration  habitats 
n  the  basis  of  physiographic  factors  or  vege- 
ition  types. 


Literature  Review 

Moisture  stress   measurements   have   been 

ariously  reported   in   atmospheres    (atm)  and 

rs.      Bars   are   used   here.     Where  atm  were 

ed   in    the    literature    reviewed,    they    have 

een   converted    here    to    bars    ( 1   atm   equals 

013  bars). 


actors  Affecting  Stress 

Any  factors  that  influence  vapor  pressure 
3ficits  (VPD)  in  and  adjacent  to  leaves  should 
feet  PMS;  so  should  factors  that  influence 
oisture  movement  into  and  through  plants, 
hus  Pierpoint  (1967)  found  higher  stresses 
a  the  exposed  sides  of  pole-sized  red  pine 
'inus  resinosa)  than  on  the  shady  sides, 
hen  soils  are  not  too  dry,  low  nocturnal 
PD  result  in  low  PMS.  Stresses  rise  after 
inup  in  response  to  rising  VPD.  When  soils 
e  dry  enough,  moisture  uptake  is  slowed 
ifficiently  that  daytime  stresses  become  severe 
id  nighttime  recovery  is  incomplete. 

In  Oregon,  Waring  and  Cleary  (1967)  found 
iat  with  adequate  soil  moisture,  PMS  in  Doug- 
s-fir  (Pseudotsuga  men/iesii)  neared  its  peak 
L'fore  1000  hr.,  climbed  slightly  and  irregularly 
ntil  1430,  then  dropped  sharply,  approaching 
leir  minimum  bv  2000. 


Cleary  (1969)  also  showed  the  increases 
of  PMS  as  the  Oregon  dry  season  progressed. 
Stresses  stayed  low  for  a  lime,  then  climbed 
in  a  sigmoid  curve.  As  early  as  the  end  of 
June  there  was  little  nighttime  recovery  on  a 
very  coarse  granitic  soil.  In  a  fine-textured  soil 
there  was  considerable  recovery  at  night  as 
late  as  August,  although  dawn  minima  in  July 
and  August  exceeded  30  bars. 

Stresses  in  plants  are  considerably  higher 
than  in  the  soils  they  grow  on.  Pierpoint 
(1967)  found  that  pole-sized  red  pine  on  a 
soil  "near  field  capacity"  had  stresses  averaging 
9.7  bars  on  a  cool,  still,  hazy  daw  On  a  bright 
day.  trees  growing  on  soils  near  field  capacity 
can  have  stresses  of  2(1  bars  (Waring  and  Cleary 
1967).  The  soil  moisture  stress  at  field  capacity 
is  0.3  bar. 

Waring  and  Cleary  also  pointed  out  that  when 
trees  1  m  tall  had  stresses  nearing  4(1  bars. 
25-m  trees  had  stresses  of  20  bars,  presumably 
because  the  larger  trees  lap  deeper  soil  layers 
where  there  is  more  water. 


Effects  on  Trees 

Judging  from  the  literature  as  a  whole, 
well-hydrated  trees   have  stresses  below  S  bars. 

Waring  and  Cleary  ( 19(57)  reported  that  differ 
cut  coniferous  species  in  Oregon  had  similar 
PMS  when  "rowing  together,  but  that  the 
stresses  they  could  survive  seemed  to  be  differ- 
ent. Other  studies  also  indicate  that  lethal 
stress  levels  vary  among  coniferous  species 
(Pierpoint    1967,    Kaufmann   1968,  Clean-  1969). 

Data  in  Cleary  (1969)  suggest,  but  do  not 
establish,  that  duration  of  hi^h  stresses  may 
be  important. 

Moisture  stresses  far  short  of  lethal  have 
strong  effects  on  growth  and  may  influence 
survival  indirectly.  Brix  (  19(52)  found  that 
photosynthesis  in  loblolly  pine  seedli 
( Pinus  taeda )  began  to  decrease  al  a  PMS 
of  only  4  bars,  and  slopped  at  11  bars.  Respira- 
tion began  to  decrease  at  7  bars. 

Seedling  growth  rates  of  several  coniferous 
species  decreased  sharply  with  small  soil  mois 
ture   deficits  (Jarvis  and  Jarvis  19(53.  Stransky 
and    Wilson    19(54).       Height    growth    of    potted 


shortleaf  (Pinus  echinata)  and  loblolly  pines 
stopped  entirely  when  soil  moisture  stresses 
(SMS)  increased  to  only  3.5  bars.  In  contrast, 
Glerum  and  Pierpoint  (1968)  found  seedling 
height  growth  of  several  Canadian  conifers 
not  seriously  reduced  by  SMS  as  high  as  15 
bars.  They  suggested  that  the  seeming  in- 
compatibility of  their  results  with  others  may 
have  been  due  to  the  brevity  of  their  stress 
periods,  and  also  pointed  out  the  importance 
of  timing  relative  to  the  period  of  maximum 
elongation. 

Unfortunately,  SMS  can  be  translated  into 
PMS  only  very  loosely.  Plant  moisture  stresses 
not  only  have  a  much  greater  daily  range  and 
sensitivity  to  transient  atmospheric  conditions; 
they  also  vary  on  different  soils  having  the 
same  soil  moisture  stress  (Knipling  and  Miller 
1965). 


Moisture  Environment  of  the  Study  Area 

The  study  area  is  in  the  White  Mountains 
of  eastern  Arizona.  Elevations  range  from  2,700 
to  2,800  m  (8.900-9,200  feet).  May  and  June 
have    low   relative   humidities,   abundant   sun- 


shine, much  wind,  and  very  little  rain.  Rail 
usually  become  frequent  before  mid- July,  a<i' 
sometimes  in  late  June.  The  rest  of  the  suifl 
mer  has  abundant  cloudiness.  Measurable  r; , 
falls  on  about  50  percent  of  July  and  Augi  <i 
days,  and  usually  there  are  not  more  thar 
few  consecutive  days  without  measurable  ra  i 

The    moisture    regime    is   characterized 
figure  1.     The  diagram  assumes  a  soil  moisti  | 
retention  capacity  of  100  mm  (4  inches)— app  | 
priate   for  the   rooting   zone  of  well-develop : 
seedlings   in  the  gravelly  silty  loam  soils  p  i 
dominant  in  the  area.     It  also  assumes  a  cod 
plete  grass   cover.     Perhaps  the  most  striki  i 
feature  of  the  climate  is   the   surplus   of  rs all 
over  potential   evapotranspiration  during  Ji 
and  August,  partly  the  result  of  temperatuii 
that  rarely  reach  27°  C  (80°  F)  and  frequenl 
stay  below  21°  C  (70°  F)  throughout  the  dfl 

The  1970  dry  season  was  near  norrr  i 
On  March  30,  though  south  slopes  were  mos  1 
bare,  the  general  snowpack  contained  7.8incl  f 
of  water,  close  to  the  1964-71  average  of  F| 
inches  for  that  date.  After  14  mm  (0.54  in^i 
of  water  fell  on  April  17  and  18,  only  16.5  n  ii 
(0.65  inch)  more  fell  until  June  23.  Signifies 
scattered  showers  began  on  June  23  andbeca  ;< 
frequent  on  July  1. 


mm 
130 


Figure  1  .  —  Moisture  regime.  Solid  ' 
indicates  precipitation,  broken  • 
potential  evapotranspiration  F|. 
Hachured  area  indicates  moi:  - 
deficit;  its  depth  below  br  n 
line,  amount  of  deficit  (after  Th  >r 
thwaite  and  Mather,  1957). 


I  In  the  same  locale,  soil  moisture  was  studied 
Her  grass  and  bare  surfaces  on  clearcut 
ttherly,  level,  and  southerly  slopes  (Embry 
|1).  Below  the  surface  inch  or  two,  SMS 
lic-hed  or  approached  the  permanent  wilting 
Int  (15  bars)  only  on  level  and  southerly 
i  ping  grassy  plots.  Under  bare  surfaces  and 
)  grassy  north  slopes  no  stresses  were  meas- 
lL'd  higher  than  2.5  bars. 


Methods 

Stresses  were  measured  with  a  portable 
ssure  chamber.  Measuring  procedures  were 
entially  those  described  by  Waring  and  Cleary 
67).  Daytime  stresses  in  open-grown  trees 
|re  from  twigs  exposed  to  the  sun,  unless 
erwise  specified.  Also  unless  otherwise 
cified,  stresses  in  trees  not  in  the  open 
re  measured  in  shaded  twigs,  because  in 
ny  trees  all  twigs  were  shaded  and  this  prac- 
reduced  variation  within  an  experiment, 
urs  are  given  in  standard  time. 
A  number  of  simple  experiments  were  made 
bsxplore  a  number  of  relationships.  Instead 
describing  the  different  methods  here,  they 
1  be  described  briefly  in  connection  with 
results. 


Results 

Measured  stresses  did  not  approach  those 
which  the  literature  indicates  are  critical.  Nor 
was  there  any  sign  of  failure  to  recover  fully 
at  night.  The  highest  midday  stress  measured 
was  22  bars  in  an  Engelmann  spruce  (Picea 
engelmannii)  that  had  had  a  dawn  stress  of 
only  5.3  bars.  Nighttime  recovery  often  brought 
individual  stresses  below  5.5  bars  and  occa- 
sionally to  4  bars. 


Seedling  Size 

On  May  20  and  June  9,  stresses  measured 
in  Engelmann  spruce  from  13  cm  (5  inches) 
to  12  m  tall  were  unrelated  to  height. 

On  June  17,  stresses  were  measured  in  cork 
bark  fir  (Abies  lasiocarpa  var.  arizonica)  in  a 
selectively  cut  stand,  with  the  sample  con- 
centrated in  the  smaller  seedling  classes.  Those 
shorter  than  15  cm  (6  inches)  tended  to  have 
somewhat  higher  stresses  than  larger  seedlings 
(fig.  2). 

On  July  3,  after  several  showers  had  fallen 
and  the  soil  was  near  field  capacity,  stresses 
in  Douglas  fir  as  small  as  7.6  cm  (3  inches) 
were  unrelated  to  height. 


7      8      9       10      II      12      13     14     15 
Seedling  height 


16 


53  inches 


Figure  2.  — Relation  of  plant  moisture  stress  to  corkbark  fir  seedling  height,  June  17. 


Changes  During  the  Season 

Midday  stresses  in  ponderosa  pine  seedlings 
were  measured  periodically  on  a  nearly  level 
clearcutting  with  a  very  gravelly  loam  soil. 
Grass  was  sparse  and  short. 

All  the  stresses  shown  (fig.  5),  except  those 
on  May  26,  are  from  seedlings  that  had  been 
in  the  sun  for  several  hours.  The  stress  differ- 
ences on  different  days  are  highly  significant, 
statistically,  but  do  not  form  an  ascending 
series  such  as  Cleary  (1969)  demonstrated  for 
southwestern  Oregon  during  the  much  longer, 
warmer  dry  season  there.  Most  of  the  seed- 
lings in  this  experiment  were  5  or  6  years  old, 
and  ranged  from  18  to  92  cm  tall  (7-36  inches). 
Smaller  seedlings  in  heavy  grass  might  have 
shown  an  increasing  trend. 

The  day-to-day  differences  in  plant  moisture 
stress  shown  in  figure  5  seem  due  to  weather 
differences.  On  May  21,  when  the  highest 
stresses  were  measured,  the  wind  was  stronger 
than  at  any  subsequent  measurement  in  this 
experiment,  and  the  relative  humidity  was  33 
percent.  Five  dry  days  later,  measurements 
taken  under  heavy  clouds  were  the  lowest  in 
the  series;  the  air  was  still  and  the  relative 
humidity  60  percent.     Later  that  day  a  heavy 


shower  fell.  Two  days  later,  with  the  sun 
shining,  stresses  were  significantly  higher  again, 
although  the  upper  soil  had  been  thoroughly 
rewetted. 

At  the  end  of  July,  with  the  entire  soil 
profile  near  or  above  field  capacity,  stresses 
late  on  a  sunny  morning  were  only  a  little 
lower  than  on  similar  sunny  days  during  the 
dry  season. 

A  series  of  dawn  stress  measurements  in 
the  clearcutting  showed  that  nighttime  recovery 
levels  did  not  change  during  the  dry  season. 
Averages  ranged  from  7.2  to  7.6  bars. 


Effects  of  Grass  and  Elevation 

of    grass    and   elevation   were   not 


. 


Effects 
established.  No  area  of  heavy  grass  was  found 
with  enough  seedlings  for  a  comparison.  An 
area  of  moderate  grass  cover  was  compared  >  j: 
with  an  area  of  sparse  grass  7  km  away.  Stress 
differences  in  6-year-old  ponderosa  pine  were 
trivial. 

Stress  differences   in   6-year-old  ponderosaa 
pine    also    were    trivial    when    two    otherwise 
similar   areas   differing   in   elevation   by  460  m 
(1500  feet)  were  compared. 
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Figure   5.— Plant    moisture    stresses    in    open-grown    ponderosa  pine 
seedlings  on  several  dates. 
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Discussion 


Habitat  Classification 


Several  factors  might  tend  to  cause  higher 
Dlant  moisture  stresses  in  other  mixed  conifer 
areas  in  the  Southwest.  These  include  coarser 
soils,  lighter  snowpacks,  lower  elevations, 
ligher  temperatures,  and  delayed  and  less 
requent  summer  rains. 

Survival 

The  rather  low  plant  moisture  stresses  meas- 
ured indicate  that  spring  dry-season  effects  u~e 
tot  so  severe  as  commonly  thought.  We  have 
to  measurements  from  those  conditions  most 
ikely  to  be  critical,  however,  nor  the  seedling 
izes  most  likely  to  be  seriously  affected.  Few 
eedlings  were  found  in  grassy  clearcuttings, 
nd  most  clearcuttings  in  the  White  Mountains 
re  grassy.  Seedlings  less  than  about  6  cm 
2.5  inches)  tall  (typical  3-yr-olds)  could  not  be 
Ised  in  our  bomb. 

It  was  encouraging  to  find  no  severe 
loisture  stresses  in  seedlings  of  planting-stock 
ize.  Soil  moisture  data  from  the  same  locale 
idicate  that,  at  soil  depths  accessible  to  plant- 
ig  stock,  moisture  supplies  normally  are  suit- 
ble  for  survival  (Embry  1971).  Known  ex- 
eptions  are  soils  with  heavy  grass  cover  on 
oth  level  ground  and  southerly  slopes,  where 
ne  permanent  wilting  point  was  reached  or 
bproached  from  the  surface  to  the  greatest 
iepth  sampled— 40  cm  (16  inches).  Newly 
ransplanted  seedlings  may  be  handicapped, 
owever;  because  of  lifting,  handling,  and  so 
prth,  their  root  systems  may  not  extract  water 
ith  normal  efficiency  during  the  first  growing 
eason. 

unction  and  Growth 

For  a  period  of  5  to  8  hr,  beginning  about 

BOO,  moisture  stresses  measured  in  stems  were 

bove  11   bars,   even  in  cloudy  weather.     Brix 

|1962)  found  that  loblolly  pine  seedlings  stopped 

jhotosynthesizing    when    stresses    in    needles 

Bached  11  bars.    Respiration  was  also  reduced. 

his    suggests    that    photosynthesis   in   mixed 

mifer   seedlings,   too,   may   be   zero  during  a 

considerable    part    of  the   day.      According   to 

itchie  and  Hinckley  (1971)  however,  moisture 

resses  measured  in  needles  of  some  coniferous 

aecies  are  often  several  bars  lower  than  those 

teasured  in  stems. 

No  data  were  obtained  relating  seedling 
rowth  to  plant  moisture  stresses  in  mixed 
Jnifers.  Where  soil  moisture  stresses  are 
igh,  however,  the  literature  suggests  that 
jedling  growth  is  restricted.  Growth  reduction 
xposes  seedlings  for  a  longer  time  to  serious 
ijury  or  death  from  rodents,  soil  insects,  cattle, 
eer,  and  elk. 


There  seem  to  be  two  main  approaches 
available  for  classifying  regeneration  habitats. 
One  is  to  develop  a  continuum  model  of  re- 
generation habitats  and  classify  by  subdividing 
the  model.  Plant  moisture  stress  might  be  a 
useful  tool  in  modeling  the  moisture  regime. 
The  other  approach  is  to  classify  vegetation 
site  types  or  physiographic  site  types  directly. 
Here,  plant  moisture  stress  might  be  used  to 
test  and  to  refine  or  modify  the  types. 

Although  this  study  neither  established 
nor  disproved  the  usefulness  of  plant  moisture 
stress  for  classifying  regeneration  habitats  in 
the  southwestern  mixed  conifers,  it  did  indicate 
the  following  limitations  and  directions: 


1.  Except  for  the  true  firs  (Abies)  and  some 
southwestern  white  pine  (Pinus  strobiformis  ), 
the  seeds  of  almost  all  southwestern  mixed 
conifers  germinate  after  the  summer  rains 
begin.  Those  summer  germinants  face  their 
first  spring  dry  season  with  root  penetration 
averaging  as  little  as  6  cm  and  as  much  as 
20  cm  (2. 4-8  inches),  depending  on  the  species. 
Limited  study  indicates  they  do  not  penetrate 
much  deeper  until  the  third  or  fourth  growing 
season  (Jones  1971). 

Consequently,  in  classifying  moisture  regimes 
for  natural  regeneration,  we  need  to  know 
the  stresses  experienced  by  seedlings  during 
their  first  two  or  three  dry  seasons, seedlings 
mostly  less  than  5  cm  (2  inches)  tall.  Larger 
seedlings  cannot  be  used  to  characterize 
the  stresses  in  such  small  seedlings. 

Even  the  smallest  seedlings  used  in  this 
study  recovered  well  at  night,  so  dawn  stresses 
seem  less  promising  than  midday  stresses  for 
use  in  the  White  Mountains.  And  measure- 
ments of  midday  stresses  in  very  small  seed- 
lings will  have  to  be  somewhat  more  sensi- 
tive to  habitat  differences  than  stress  measure 
ments  in  the  seedling  sizes  used  here. 
Otherwise  habitat  differences  will  be  obscured 
by  other  factors. 

2.  If  several  locations  are  to  be  measured  the 
same  day  .  minimize  effects  of  day  to  day 
weather  differences,  it  will  be  desirable  to 
have  two  or  more  pressure  bombs  operating 
at  different  locations.  Otherwise,  travel  time, 
combined  with  the  number  of  seedlings 
needed  to  characterize  the  site  adequately 
and  the  time  required  per  seedling,  would 
spread  the  readings  over  too  much  of  the 
day. 


3.  The  frequent  shortage  or  absence  of  suitable 
seedlings  where  they  are  wanted  makes  arti- 
ficial seeding  seem  necessary  for  test  stock. 
That  should  also  give  maximum  uniformity. 
Species  differences  need  to  be  considered, 
and  artificial  seeding  permits  use  of  selected 
species. 

4.  The  available  mixed  conifer  clearcuttings 
do  not  sample  the  mixed  conifer  habitats 
at  all  adequately,  so  sampling  in  forest  stands 
seems  necessary. 

5.  At  lower  mixed  conifer  elevations,  Engelmann 
spruce  and  corkbark  fir  are  usually  absent, 
and  ponderosa  pine  seedlings  do  poorly  under 
the  canopy.  White  fir  and  corkbark  fir 
germinate  in  the  spring,  and  many  die. 
White  pine,  ponderosa  pine,  and  the  sur- 
viving white  firs  root  somewhat  more  deeply 
the  first  year  than  do  Douglas-fir,  the  spruces, 
and  corkbark  fir.  Douglas-fir  is  the  most 
widespread  of  the  mixed  conifers,  and  in 
many  parts  of  the  Southwest  the  most 
abundant.  These  considerations  suggest 
Douglas-fir  as  best  suited  for  habitat 
classification  work. 


Primary  Management  Significance 

This  study  has  a  major  management  im- 
plication, especially  when  considered  in  con- 
junction with  (1)  Embry's  (1971)  soil  moisture 
study,  (2)  what  is  known  of  seedling  rooting 
depths  (Jones  1971),  and  (3)  what  has  been 
learned  from  studies  in  progress.  In  loamy 
soils  in  the  White  Mountains,  and  presumably 
in  other  areas  with  similar  moisture  regimes, 
drought  is  normally  not  a  major  factor  in  seed- 
ling survival  beyond  age  two,  and  in  pines, 
not  even  in  the  first  dry  season,  except  where 
there  is  grass  cover.  Moderate  grass  cover  does 
not  cause  serious  moisture  stresses  in  seedlings 
as  well  rooted  as  6-yr-old  ponderosa  pine. 
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Abstract 


Presents  a  procedure  for  computation  of  yield  tables  for 
diseased  even-aged  stands  of  ponderosa  pine  in  Arizona  and  New 
Mexico.  Stand  age  at  time  of  initial  infection  by  dwarf  mistletoe 
may  be  varied  as  desired.  Other  control  variables  include  stand 
age  at  initial  thinning,  stocking  goals,  frequency  of  thinning, 
and  regeneration  system.  Stand  conditions  and  severity  of  dwarf 
mistletoe  infestation  change  with  time  and  in  response  to  inter- 
mediate cuttings. 

Keywords:  Stand  yield  tables,  timber  management,  forest  manage- 
ment,   simulation,    Arceuthobium    vaginatum,    Pinus    ponderosa. 
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Simulating  Yields  of  Southwestern  Ponderosa  Pine  Stands, 
Including  Effects  of  Dwarf  Mistletoe 

Clifford    A.    Myers,    Frank    G.    Hawksworth,   and    Paul    C.    Lightle 


Computation  procedures  for  predicting 
elds  and  a  computer  program  SWYLD  that 
;:ints  yield  tables  are  described  for  even-aged 
;ands  of  southwestern  ponderosa  pine  (Pinus 
pnderosa  Laws.).  Details  of  field  work  and 
imputations  that  apply  to  healthy  stands  of 
pnderosa  pine  have  been  presented  elsewhere 
layers  1971).  Such  procedures  will  not,  how- 
rer,  provide  some  items  of  information  essential 
Ir  decisionmaking  in  the  Southwest.  For 
jfactical  application,  important  and  predictable 
<!.uses  of  reduced  growth  and  mortality  should 
1^  included  in  the  computations.  One  such 
.use  is  included  here. 

Dwarf  mistletoe  (Arceuthobium  vaginatum 
s^bsp.  eryptopodum  (Engelm.)  Hawks.  &  Wiens) 
widespread  in  southwestern  ponderosa  pine 
rests.  Andrews  and  Daniels  (1960)  found  this 
<(varf  mistletoe  on  36  percent  of  some  2,700 
pnderosa  pine  plots  located  throughout  Ari- 
;na  and  New  Mexico.  In  the  Lincoln  National 
brest  and  adjacent  Mescalero  Apache  Reserva- 
tion in  southern  New  Mexico,  the  infection  rate 
•fes  over  50  percent  (Andrews  and  Daniels 
:j60,  Hawksworth  and  Lusher  1956). 

Several  studies  have  documented  the  ad- 
|rse  effects  of  dwarf  mistletoe  on  the  height 
ad  diameter  growth  of  individual  ponderosa 
]nes  (Korstian  and  Long  1922,  Sperry  1934, 
lawksworth  1961).  Such  studies  do  not,  how- 
cer,  reveal  the  total  stand  loss  due  to  dwarf 
hstletoe.  They  do  not  report  mortality,  but 
jve  information  on  surviving  trees  only. 

Dwarf  mistletoe  is  one  of  the  four  major 
(uses  of  mortality  in  southwestern  ponderosa 
jne  (Myers  and  Martin  1963,  Pearson  1939). 
barson  (1938)  found  mortality  in  heavily  in- 
lsted  cutover  stands  to  be  about  five  times 
tat  in  comparable  lightly  infested  or  healthy 
sinds.  On  the  Mescalero  Apache  Reservation, 
bw  Mexico,  mortality  in  stands  with  dwarf 
iistletoe  was  nearly  twice  as  high  in  infested 
iinds  as  in  healthy  stands  (Hawksworth  and 
Usher  1956).  The  differences  were  most  pro- 
nunced  in  cutover  areas,  where  the  mortality 
ite  in  infested  stands  was  3.3  times  that  in 
iistletoe-free  stands. 

In  the  all-aged  stands  of  Grand  Canyon 
lational  Park,  mistletoe-caused  mortality  and 
J  owth  reduction  offset  10-year  basal  area  growth 

moderately    and    heavily    infested    stands 


(Lightle  1966).  In  pole-sized  stands  on  the 
Mescalero  Reservation,  however,  basal  area  de- 
clined during  a  comparable  period  only  in 
heavily  infested  stands. 

The  studies  referred  to  above  dealt  pri- 
marily with  the  cumulative  effects  of  dwarf 
mistletoe  in  unmanaged  stands.  They  do  not 
provide  data  that  can  be  used  directly  for  yield 
prediction  in  managed  stands  or  for  compari- 
sons of  alternatives.  To  obtain  the  necessary 
pine-mistletoe  relationships,  procedures  used 
in  lodgepole  pine  stands  (Myers,  Hawksworth, 
and  Stewart  1971)  were  repeated  in  the 
Southwest. 


Information  Used 

Field  and  office  procedures  used  to  obtain 
the  relationships  in  program  SWYLD  were  simi- 
lar to  those  outlined  by  Myers  (1971)  for 
healthy  stands.  Additional  information  on 
pine-dwarf  mistletoe  interactions  was  obtained 
from  several  temporary  and  permanent  plots. 
Most  data  were  from  a  yield  study  2  based  on 
55  transects  located  throughout  the  ponderosa 
pine  forests  of  Arizona  and  New  Mexico.  Addi- 
tional information  was  obtained  from  permanent 
plots  at  Fort  Valley  Experimental  Forest  and 
Grand  Canyon,  Arizona,  and  the  Mescalero 
Apache  Reservation,  New  Mexico.  Derivations 
of  functions  that  include  measures  of  infection 
by  dwarf  mistletoe  are  described  briefly  below 
and  in  detail  elsewhere  (Myers  et  al.  1971). 

Basal  area  and  other  per-acre  values,  aver- 
age stand  diameter,  and  site  index  (Meyer  1938) 
are  used  as  dependent  and  independent  vari- 
ables to  obtain  the  prediction  equations  used 
in  program  SWYLD  (appendix  1).  The  equations 
shown  as  FORTRAN  statements  in  the  program 
listing  contain  only  significant  independent  vari- 
ables. They  indicate  the  possible  appearance  of 
similar  functions  for  other  species  or  localities. 

Items  computed  from  field  data  and  uses 
made  of  them  in  SWYLD  are  as  follows: 


'Hawksworth,  F.  G.,  P.  C.  Lightle.  and  T.  E.  Hunk. 
Effects  of  dwarf  mistletoe  on  growth  and  yields  oj  pon 
derosa  pine.      (Manuscript   in  preparation   at  Rocky   Mt . 

Forest  and  Range  Exp.  Sin.) 


1.  Equations  to  estimate  mortality  in  healthy 
(OUT)  and  diseased  (DIE)  stands  are  com- 
puted from  density,  mortality,  and  other 
data. 

2.  Prediction  equations  for  height  (HTSO)  are 
determined  from  healthy  stands  with  densities 
within  the  range  of  possible  management 
goals.  Infected  plots  provide  data  used  to 
derive  the  equation  for  reduction  in  height 
growth  due  to  disease  (PCT). 

3.  Initial  average  diameters  and  other  variables 
from  healthy  stands  are  used  to  obtain  the 
equation  for  average  d.b.h.  after  10  years 
(DBHO).  Data  from  diseased  stands  provide 
the  equation  for  reduction  in  diameter  growth 
due  to  dwarf  mistletoe  (TEM).  Average 
stand  diameter  is  the  diameter  of  the  tree 
of  average  basal  area. 

4.  Cubic-  and  board-foot  volumes  per  acre  are 
computed  from  tree  volume  equations  (Myers 
1963).  Total  cubic  volumes  then  provide 
equations  for  stand  volume  in  cubic  feet 
(TOTO  and  TOTT).  Total  volumes  plus 
merchantable  cubic-  and  board-foot  volumes 
are  used  to  obtain  equations  for  the  volume 
conversion  factors  (FCTR  and  PROD)  com- 
puted by  subroutine  SWVOL. 

5.  Several  prediction  equations  are  used  to 
obtain  dwarf  mistletoe  ratings  (DMR)  in 
SWYLD.  One  equation  for  DMR  predicts 
the  initial  rating  if  the  stand  has  never  been 
thinned.  Other  equations  for  DMR  predict 
the  current  rating  as  an  increase  from  a 
past  value.  An  expected  post-thinning  rating 
(DMRT)  is  computed  if  infection  index  is 
not  so  high  (3.0  or  greater)  as  to  make 
thinning  impractical,  and  if  the  stand  has 
not  already  been  thinned  from  above.  An 
equation  in  subroutine  SWCUT2  then  pre- 
dicts the  percentage  of  trees  to  be  removed 
by  thinning  from  above  (REDT)  to  obtain 
the  expected  rating.  For  subsequent  thin- 
nings, DMRT  is  computed  from  intensity 
of  thinning    and    rating  prior  to  thinning. 

Computation  of  ratings  by  SWYLD  begins 
with  use  of  the  variable  START.  This  is 
the  average  of  the  tree  ages  when  each  part 
of  the  stand  is  first  infected.  It  is  not 
the  age  when  the  first  tree  in  the  stand 
is  infected. 

6.  Thinning  intensity  in  healthy  stands,  or 
in  stands  to  be  thinned  from  below,  is  based 


on  a  relationship  between  d.b.h.  and  basa. 
area.  Basis  for  the  computations  is  giver 
in  the  following  tabulation: 


iverage  stand 

Basal  area 

d.b.h.  after 

per  acre 

thinning 

(Sq.  ft.) 

(Inches) 

2.0 

12.1 

2.5 

17.9 

3.0 

23.7 

3.5 

29.5 

4.0 

35.2 

4.5 

41.0 

5.0 

46.8 

5.5 

51.8 

6.0 

56.6 

6.5 

61.2 

7.0 

65.4 

7.5 

69.2 

8.0 

72.5 

8.5 

75.3 

9.0 

77.5 

9.5 

79.1 

10.0+ 

80.0 

These  values,  SQFT  in  subroutine  SWCUTll 
and  SWCUT3,  represent  one  possible  series 
of  densities  that  could  be  used  to  guide 
successive  thinnings.  The  growing  stock 
level  shown  above  is  80;  reserve  basal  area 
remains  constant  at  80  square  feet  alter 
stand  d.b.h.  reaches  10.0  inches.  Other  stock- 
ing levels  are  named  the  same  way.  For 
example,  level  100  means  that  reserve  basal 
area  will  be  100  square  feet  when  d.b.h. 
is  10.0  inches  or  larger.  Basal  area  lor 
level  100  and  diameters  smaller  than  10.0 
inches  are  obtained  by  multiplying  each  basal 
area  of  level  80  by  the  amount  100  80. 
Values  for  any  stocking  level,  THIN  orDLEV 
in  SWYLD,  are  computed  similarly. 

Equations  for  DBHP  in  subroutine  SWCUT1 
and  SWCUT3  also  describe  the  tabulated 
values.  In  this  case,  diameter  is  estimated 
when  basal  area  and  the  desired  stocking 
level  are  known.  Variables  BREAK  and 
BUST  indicate  points  where  the  relationship 
of  diameter  on  basal  area  has  been  broken 
into  segments  for  convenience  in  regression 
analysis. 


Growing  stock  levels  to  be  left  after  thinni: 
from  below  are  indicated  by  assigning  values 
to  THIN  and  DSTY  on  data  card  type  4, 
as  shown  in  the  listing  of  Order  and  Con- 
tents of  the  Data  Deck.  Each  assigned 
value  is  a  growing  stock  level  or  the  basal 


area  left  when  d.b.h.  after  thinning  is  10.0 
inches  or  greater. 

Equations  for  DBHE  (used  as  DBHT)  in 
SWCUT1  and  SWCUT3  and  for  ADDHT  in 
the  main  routine  are  derived  from  data  ob- 
tained in  a  variety  of  thinned  stands.  Thin- 
nings could  also  be  simulated  on  a  com- 
puter to  obtain  data  for  the  DBHE  and 
ADDHT  equations  (Myers  1971). 

Values  for  AGEO,  DBHO,  and  DENO  on 
data  card  type  4  are  obtained  by  examining 
numerous  young  stands.  Average  d.b.h. 
at  various  ages  is  determined  for  each  site 
class  and  for  each  of  several  levels  of  stand 
density.  These  data  are  gathered  by  users 
of  the  program  to  partially  describe  their 
management  objectives. 

Description  of  Program  SWYLD 

Program  SWYLD  consists  of  a  main  program 
id  four  subroutine  subprograms.    The  main 


program  performs  most  computations  and  writes 
the  yield  tables.  Three  subroutines  compute 
average  stand  d.b.h.  and  stand  density  after 
thinning.  The  fourth  subroutine  computes 
factors  that  are  used  in  the  main  program 
to  convert  total  cubic  feet  to  other  units. 

Operations  performed  by  each  routine  are 
identified  by  the  comment  statements  of  the 
source  program  (appendix  1).  Initial  stand 
conditions  and  values  of  several  control  vari- 
ables are  read  into  computer  memory  in  the 
order  and  format  given  in  the  tabulation  of 
Order  and  Contents  of  the  Data  Deck.  Zero 
punches  in  any  data  card  except  card  type  5 
will  cause  control  to  move  to  the  end  of  the 
program,  a  diagnostic  message  to  be  printed, 
and  termination  of  the  job.  The  number  of 
yield  tables  computed  and  printed  is  determined 
by  the  values  assigned  NTSTS  on  card  type  1 
and  MIX  on  card  type  3.  NTSTS  is  the  number 
of  sets  of  tables  to  be  produced.  MIX  is  the 
number  of  tables  in  a  set  or  the  number  of 
growing  stock  levels  (DLEV)  tested. 


Order  and  Contents  of  the  Data  Deck 


Card 
type 

1 


Number  of 
cards 


Variable 
name  Columns 


1 
per  test 


1 
per  test 


NTSTS 


COMCU 


COMBF 


JCYCL 


MIX 


AGEO 


DBHO 


DENO 


1-4 


9-16 


1-4 


5-8 


1-8 


9-16 


17-24 


Format  Description  of  variable 

14  Number  of  tests  per  batch. 

The  number  of  sets  of  yield 
tables  to  be  produced. 

F8.3  Minimum  cut  in  merchant- 

able cubic  feet  to  be  included 
in  total  yields.  Must  be  at 
least  1.0. 

F8.3  Minimum  cut  in  board  feet 

to  be  included  in  total  yields. 
Must  be  at  least  1.0. 

14  Interval       between      inter- 

mediate cuts.  A  multiple 
of  RINT. 

14  Number   of  stocking  levels 

or  values  of  DLEV  to  be 
examined  in  one  test. 

F8.3  Initial  age   to  be  shown  in 

a  yield  table.  Stand  age 
when  first  thinning  occurs. 

F8.3  Average    stand    d.b.h.  just 

prior  to  initial  thinning  at 
stand  age  AGEO. 

F8.3  Number    of   trees   per   acre 

just  prior  to  initial  thinning 
at  stand  age  AGEO. 


Card 
type 


Number  of 
cards 


Variable 
name 

DSTY 


Columns 

25-32 


RINT 


33-40 


SITE  41-48 

THIN  49-56 

START  57-64 


5  1 

per  test 


REGN(l) 


VLLV(l) 


INVL(l) 


9-16 


17-24 


REGN(2)        25-32 


VLLV(2)         33-40 


INVL(2) 
REGN(3) 


41-48 


49-56 


Format  Description  of  variable 

F8.3  Lowest  growing  stock  level 

for  intermediate  cuts  after 
initial  thinning.  Level  will 
increase  by  10  as  many  times 
as  specified  by  MIX  on  card 
type  3. 

F8.3  Number  of  years  for  which 

growth  and  infection  equa- 
tions make  one  projection 
of  growth  or  change.  Value 
is  10.0  for  the  equations 
given  in  appendix  1. 

F8.3  Site  index  on  which  the  set 

of  yield  tables  is  to  be  based. 

F8.3  Growing  stock  level  for  ini- 

tial thinning  at  age  AGEO. 
May  equal  DLEV. 

F8.3  Stand   age   at  which   dwarf 

mistletoe  infection  begins. 
Never  enter  zero.  Enter 
number  larger  than  largest 
REGN(I)  if  infection  will 
not  occur  during  the 
rotation. 

F8.3  Stand  age  at  which  first  re- 

generation cut  will  occur. 
Must  never  be  zero  or  blank, 
as  this  is  rotation  length 
for  clearcutting. 

F8.3  Percentage       of      previous 

DLEV  to  be  left  at  age 
REGN(l).  Will  be  zero  with 
clearcutting.  Enter  as  a 
decimal. 

F8.3  New   interval  between  cuts 

in  effect  after  age  REGN- 
(1).  Will  be  zero  with 
clearcutting. 

F8.3  Stand  age  at  which  second 

regeneration  cut,  if  any,  will 
occur.  Removal  of  seed 
trees  or  second  cut  of 
shelterwood. 

F8.3  Percentage       of      previous 

DLEV,  including  effect  of 
VLLV(l),  to  be  left  at  age 
REGN(2).  May  be  zero. 
Enter  as  a  decimal. 

F8.3  New   interval  between  cuts 

in  effect  after  age  REGN- 
(2).   May  be  zero. 

F8.3  Stand   age    at    which   third 

regeneration  cut,  if  any,  will 
occur.  Final  cut  of  3-cut 
shelterwood. 


Subsequent    operations    are    performed   in 
ne  following  order: 

Computation  of  average  height,  basal  area, 
volume,  and  mistletoe  rating  just  prior  to 
initial  thinning. 

Change  of  interval  between  cuttings  and  of 
residual  stand  density  if  a  regeneration  cut 
is  due  and  if  changes  are  needed.  Entries 
on  data  card  type  5  control  the  changes. 
If  the  stand  is  to  be  clearcut,  stand  age 
at  time  of  clearcutting  or  REGN(l)  is  the 
only  entry  needed.  Seed-tree  cutting  requires 
that  values  for  all  items  to  and  including 
REGN(2)  be  punched  in  card  type  5.  REGN- 
(1)  is  stand  age  at  first  regeneration  cutting 
and  REGN(2)  is  age  of  the  seed  trees  when 
they  are  removed.  The  interval  between 
these  two  cuttings  is  INVL(l).  Up  to  three 
regeneration  cuttings  are  possible  with  the 
shelterwood  system.  Stand  age  at  final  cut 
will  be  REGN(2)  for  two-cut  shelterwood 
and  REGN(3)  for  three-cut  shelterwood.  If 
a  regeneration  cut  is  scheduled,  it  will  be 
made  in  the  same  steps  as  described  below 
for  thinnings. 

Thinning  and  computation  of  the  new  mistle- 
toe rating  after  thinning,  if  the  current  rating 
is  below  3  0.  If  thinning  is  possible,  sub- 
routines compute  the  new  stand  density  and 
average  d.b.h.,  as  explained  below.  The 
main  program  then  computes  the  new  aver- 
age stand  height. 


Computation  of  post-thinning  volumes. 

Computation  of  amounts  removed  by  thinning 
and  of  values  describing  conditions  before 
and  after  thinning. 

Printing  of  before-  and  after-thinning  values 
in  the  yield  table. 

Advancement  of  d.b.h.,  height,  stand  density, 
and  mistletoe  rating  one  prediction  period 
and  computation  of  new  volumes.  Mistletoe 
rating  is  computed  as  an  increase  from  a 
previous  value  or  as  a  projection  from  initial 
infection,  depending  upon  whether  or  not 
thinning  has  occurred  since  infection. 

H  Printing  of  values  appropriate  to  the  stand 
age,  if  thinning  is  not  scheduled. 


Rethinning,  if  thinning  is  scheduled,  by  return 
of  program  control  to  the  operations  described 
in  item  2. 


10.  Repetition  of  operations  described  in  items 
2  to  9,  inclusive,  until  stand  age  reaches 
the  limit  set  by  the  largest  value  of  REGN- 
(I)  on  data  card  type  5. 

Only  one  thinning  in  diseased  stands  will 
be  from  above,  as  simulated  by  SWCUT2.  Sub- 
sequent thinnings  in  diseased  stands  will  in- 
crease average  d.b.h.  and  height,  but  by  lesser 
amounts  than  in  healthy  stands  where  the 
smaller  trees  make  up  a  larger  percentage  of 
those  removed.  This  effect  has  been  observed 
in  subsequent  thinnings  of  actual  stands,  and 
is  simulated  by  SWCUT3. 

Subroutines  SWCUT1  and  SWCUT3  compute 
average  stand  d.b.h.  after  thinnings  that  remove 
many  of  the  smaller  trees  and  thus  increase 
average  stand  diameter  and  height.  Successive 
percentages  of  trees  to  be  retained  (PRET) 
are  tested  until  the  relationship  between  d.b.h., 
basal  area,  and  number  of  trees  is  mathematically 
correct  and  d.b.h.  and  basal  area  agree  with 
the  growing  stock  level  specified  by  THIN  or 
DLEV.  Two  major  loops  are  provided  in  the 
subroutines  because  two  equations  are  needed 
for    estimating    post-thinning    d.b.h.    (DBHE). 

Subroutine  SWCUT2  uses  thinning  stand- 
ards based  on.the  goals  of  sanitation  thinning, 
not  on  THIN  or  DLEV.  The  reduced  infection 
rating  to  be  attained  (DMRT)  is  computed 
by  the  main  program  as  a  function  of  average 
stand  d.b.h.,  as  follows: 
D.b.h. 

(Inches)  Rating 

2  0 

4  0.5 

6  1.0 

8  1.5 

10  2.0 

SWCUT2  then  computes  the  reduction  in  stand 
density  (REDT)  needed  to  attain  this  goal, 
based  on  d.b.h.  and  rating  just  prior  to  thin- 
ning. D.b.h.  after  thinning  (DBHT)  can  then 
be  determined  directly  with  the  same  equations 
as  for  DBHE  in  SWCUT1.  Successive  approxi- 
mations are  unnecessary  because  percentage 
of  trees  to  be  retained  (PRET)  is  known  before 
DBHE  (as  DBHT)  is  computed. 

Replacement  of  several  statements  will 
modify  the  program  for  other  utilization  stand- 
ards, species,  or  regions.  Replacements  needed 
are: 

1.  Statements  for  SQFT,  DBHP,  BREAK,  BUS  I  . 
and  related  computations  that  contain  the 
ratio  of  DLEV  or  THIN  to  80.0,  if  desired. 
This  change  is  needed  if  standards  for  reserve 
stands  in  SWCUT1  and  SWCUT3  will  be 
different  from  those  shown  in  the  tabulation 
of  the  previous  section. 


2.  Statements  from  TOTO  and  TOTT,  to  make 
cubic  volumes  per  acre  correct  for  the  species 
and  tree  volume  equations  selected. 

3.  Statements  for  FCTR  and  PRODinsubroutine 
SWVOL  that  are  correct  for  the  species, 
tree  volume  equations,  and  utilization  stand- 
ards selected. 

4.  Statements  for  HTSO,  ADDHT,  and  PCT 
so  that  height  growth,  changes  in  height 
due  to  thinning,  and  reductions  in  growth 
caused  by  dwarf  mistletoe  will  be  appro- 
priate for  the  species. 

5.  Statements  for  or  that  include  DMR,  DMRT, 
and  REDT;  to  show  correct  relationship  for 
the  host-parasite  interaction  being  simulated. 

6.  Statement  for  DBHO,  based  on  a  growth  study 
in  healthy  stands  of  the  species  of  interest, 
and  a  statement  for  TEM  to  compute  the 
effect  of  mistletoe  on  diameter  growth. 

7.  Statements  for  DBHE  in  subroutine  SWCUT1 
and  SWCUT3  and  for  DBHT  in  SWCUT2 
that  apply  to  the  species  of  interest. 

8.  Statements  that  describe  periodic  losses  in 
numbers  of  trees  in  both  healthy  (OUT) 
and  diseased  (DIE)  stands. 

9.  Table  headings. 

A  Sample  Problem 

The  following  sample  problem  provides  addi- 
tional description  of  the  data  deck  and  of  the 
output  (appendix  2).  It  can  also  serve  as  a 
test  problem  to  check  accuracy  of  punching 
of  the  source  deck  and  to  test  compatibility 
with  local  equipment. 

Assume  a  forest  composed  of  even-aged 
stands  of  ponderosa  pine  that  differ  in  degree 
of  infection  by  dwarf  mistletoe.  Problems  to 
be  solved  by  the  manager  of  such  a  forest 
include: 

1.  What  growth  can  be  expected  in  healthy 
stands  of  known  site  quality  for  various 
combinations  of  thinning  frequency  and 
intensity? 

2.  How  is  this  growth  affected  by  various  de- 
grees of  dwarf  mistletoe  infection  and  time 
of  initial  sanitation  thinning? 

3.  On  the  basis  of  potential  yields  of  each 
stand,  is  thinning,  replacement,  or  no  treat- 
ment appropriate  for  the  stand  at  this  time? 

4.  Does  each  treatment  decision  appear  appro- 
priate when  impacts  on  other  forest  resources 
are  considered? 


Answers  that  contribute  to  good  land  man- 
agement cannot  be  obtained  unless  all  numerical 
results  can  be  estimated  to  a  useful  degree  of 
accuracy.  Program  SWYLD  provides  such  esti- 
mates for  trees  and  dwarf  mistletoe.  In  the 
sample  problem,  yields  of  healthy  stands  are 
compared  with  those  initially  infected  at  age 
10.  Other  variables  remain  constant  for  both 
tests  except  for  stand  conditions  at  initial  thin- 
ning and  intensity  of  thinning.  No  scheduled 
thinning  will  be  performed  if  the  dwarf  mistle- 
toe rating  is  3.0  or  greater.  Regeneration  will 
be  by  two-cut  shelterwood  with  20  years  be- 
tween removal  and  final  cut.  The  data  deck 
contains  the  following  values: 

NTSTS  -  3,  for  healthy  stands  (test  1), diseased 
and  thinned  at  age  30  (test  2),  and 
diseased  and  first  thinned  at  age  50 
(test  3). 

COMCU  -  320.0  cubic  feet,  minimum  commercial 
cubic-foot  cut. 

COMBF  -  1500.0  board  feet,  minimum  commer- 
cial board-foot  cut. 

JCYCL    -  20  years. 

MIX  -  3,  or  3  intensities  of  thinning  will  be 
examined  in  each  test. 

AGEO  -  30.0  years  for  two  tests  and  50.0  years 
for  the  third. 

DBHO  -  4.8  inches  for  two  tests,  6.2  inches 
for  the  third. 

DENO  -  950.0  trees  for  two  tests,  575.0  tree! 
for  the  third. 

DSTY  -  80.0,  lowest  subsequent  thinning  leve 
of  the  3  to  be  examined. 

RINT  -  10.0  years,  prediction  period  of  th 
equations. 

SITE       -  70.0  feet,  base  100  years. 

THIN      -  100.0  level  Tor  initial  thinning. 

START  -200.0,  10.0,  and  10.0  years  on  typ< 
3  data  cards  of  test  1,  test  2,  am 
test  3,  respectively.  Any  numbe 
larger  than  the  largest  value  of  REGIS 
(I)    could    replace    the   200.0   showr 

REGN(l)  -  110.0  years,  stand  age  at  time  c 
removal  cut. 

VLLV(l)  -  50.0  percent,  read  as  a  decima 
amount  of  previous  residual  bas; 
area  to  be  left  as  shelterwood. 

INVL(l)-20  years,  interval  between  remov.l 
and  final  cuts. 

REGN(2)  -  130.0  years,  stand  age  at  time  (I 
final  cut. 

These   values    will  provide   data  for  cor 
parison    of   the   differences   in   yields   betwef ' 
healthy  and  diseased  stands,  and  between  diffe 
ent  types  of  diseased  stands.    Values  must  k< 
read  from   data  cards  assembled  in  the  ord€ 


1)  type  1,  (2)  type  2,  (3)  type  3  of  test  1, 
4)  type  4  of  test  1,  (5)  type  5  of  test  1,  (6) 
ype  3  of  test  2,  (7)  type  4  of  test  2,  (8)  type 
of  test  2,  (9)  type  3  of  test  3,  (10)  type  4 
f  test  3,  and  (11)  type  5  of  test  3.  Additional 
jsts  could  be  made  to  examine  the  effect  of 
ariations  in  thinning  intensity  or  in  any  other 
pntrol  variable. 

Tables  produced  by  SWYLD  can  be  used 
^  many  ways  to  assist  in  decisionmaking. 
or  many  purposes,  yields  of  healthy  stands 
ill  be  desired  so  that  long-range  goals  can 
ib  determined.  Yields,  numbers  of  noncom- 
mercial cuts,  number  of  scheduled  cuts  that 
•linnot  be  made,  and  size  of  the  average  tree 
le  some  of  the  values  produced.  Money 
qelds  and  rates  earned  can  be  computed  if 
jpcessary  data  on  costs  and  stumpage  values 
He  available.  Stand  ages  at  culmination  of 
lean  annual  increment,  and  rates  earned  can 
hip  the  manager  determine  suitable  rotations 
fr  his  working  groups. 

A  manager  examining  the  tables  in  appendix 
2:  for  example,  might  reach  the  following  con- 
elisions: 

A  stand  initially  infested  at  age  10  and  then 
left  untreated  for  40  years  will  produce  very 
little  merchantable  volume  by  age  130.  The 
stand  is  already  too  heavily  infested  by 
age  50  for  subsequent  treatment  to  produce 
improvement. 


2  A  stand  infested  by  dwarf  mistletoe  at  age 
10  but  thinned  at  20-year  intervals  beginning 
at  age  30,  can  produce  only  a  small  volume 
of  useful  wood  products.  Yields,  including 
thinnings,  would  be  much  less  than  those 
from  healthy  stands  with  the  same  site  index 
and  thinned  according  to  the  same  schedule. 
Also,  actual  yields  of  diseased  stands  would 
be  less  than  the  computed  volumes  because 
no  reduction  has  been  made  for  amounts 
of  wood  lost  due  to  pitch  or  distorted  grain. 


3 jln  healthy  stands,  largest  yields  would  be 
produced  with  relatively  light  thinnings,  such 
as  to  level  100.  Comparing  yields  in  thinned 
stands  with  and  without  dwarf  mistletoe, 
diseased  stands  produce  about  a  third  of 
the  merchantable  cubic-  and  board  foot  vol 
.imes  of  healthy  stands. 


Literature  Cited 


Adrews,  S.  R.,  and  J.  P.  Daniels. 

1960.     A  survey  of  dwarfmistletoes  in  Ari- 
zona  and    New    Mexico.       U.   S.   Dep. 


Agr.,  Forest  Serv.,  Rocky  Mt.  Forest 
and  Range  Exp.  Stn.,  Stn.  Pap.  49, 
17  p.    Fort  Collins,  Colo. 

Hawksworth,  F.  G. 

1961.  Dwarfmistletoe  of  ponderosa  pine 
in  the  Southwest.  U.  S.  Dep.  Agr. 
Tech.  Bull.  1246,  112  p. 
_  and  A.  A.  Lusher. 
1956.  Dwarfmistletoe  survey  and  control 
on  the  Mescalero  Apache  Reservation, 
New   Mexico.       J.   Forest.   54:   384-390. 

Korstian,  C.  F.,  and  W.  II.  Long. 

1922.  The  western  yellow  pine  mistletoe: 
effects  on  growth  and  suggestions  for 
control.  U.  S.  Dep.  Agr.  Bull.  1112, 
35  p. 

Lightle,  P.  C. 

1966.  Dwarf  mistletoe  reduces  basal  area 
growth  in  ponderosa  pine  in  the  South- 
west. (Abstr. )  Phytopathology  56: 
886-887. 

Meyer,  Walter  H. 

1938.  Yield  of  even-aged  stands  of  pon- 
derosa pine.  U.  S.  Dep.  Agr.  Tech. 
Bull.  630,  59  p. 

Myers,  Clifford  A. 

1963.  Volume,  taper,  and  related  tables  for 
southwestern  ponderosa  pine.  U.  S. 
Forest  Serv.  Res.  Pap.  RM-2,  24  p. 
Rocky  Mt.  Forest  and  Range  Exp.  Stn., 
Fort  Collins,  Colo. 


1971.  Field  and  computer  procedures  for 
managed-stand  yield  tables.  USDA 
Forest  Serv.  Res.  Pap.  RM-79,  24  p. 
Rocky  Mt.  Forest  and  Range  Exp.  Stn. 
Fort  Collins,  Colo. 
,  F.G.  Hawksworth,  and  J.L.  Stewart. 

1971.  Simulating  yields  in  managed, 
dwarf  mistletoe-infested  lodgepole  pint- 
stands.  USDA  Forest  Serv.  Res.  Pap. 
RM-72,  15  p.  Rocky  Mt.  Forest  and 
Range  Exp.  Stn.,  Fort  Collins,  Colo. 
,  and  Edward  C.  Martin. 


1963.    Mortality  of  southwestern  ponderosa 
pine     sawtimber    alter    second    partial 
harvest.   J.  Forest.  61:  128  130. 
Pearson,  G.  A. 

1938.       Lighter    cuts    and    larger   yields   in 
ponderosa  pine.     J.  Forest.  36:779  789. 


1939.      Mortality  in  cutover  stands  of  pon 
derosa   pine.       J.    Forest.    37:   383-387. 
Sperry,  O.  E. 

1934.  The  rate  of  growth  of  the  ponderosa 
pine  in  Estes  Park,  Colorado.  Torrey 
Bot.  Club  Bull.  61:  19-34. 


APPENDIX  1 

Listing  of  Program  SWYLD 


^JING. 


C  DEFINITIONS  OF  VARIABLES. 

C 

C  ADOHT  =  INCREASE  OR  DECREASE  IN  AVERAGE  STAND  HEIGHT  8 

C  AGED  =  INITIAL  AGF  IN  YIELD  TABLE. 

C  BASC  =  BASAL  AREA  CUT  PER  ACRE. 

C  8AS0  =  BASAL  AREA  PER  ACRE  BEFORE  THINNING. 

C  BAST  =  BASAL  AREA  PER  ACRE  AFTER  THINNING. 

C  BDFC  =  ROARD  FEET  CUT  PER  ACRE. 

C  BDFO  =  BOARD  FEET  PER  ACRE  BEFORE  THINNING. 

C  BDFT  =  BOARO  FEET  PER  ACRE  AFTER  THINNING. 

C  CFMC  =  MERCHANTABLE  CU.  FT.  CUT  PER  ACRE. 

C  CFMO  =  MERCH.  CU.  FT.  PER  ACRE  BEFORE  THINNING. 

C  CFMT  =  MERCH.  CU.  FT.  PER  ACRE  AFTER  THINNING. 

C  COMBF  =  MINIMUM  COMMERCIAL  CUT,  BOARD  FEET. 

C  COMCU  =  MINIMUM  COMMERCIAL  CUT,  CU.  FT. 

C  DBHO  =  AVERAGE  STAND  D.B.H.  BEFORE  THINNING. 

C  DBHT  =  AVERAGE  STAND  D.B.H.  AFTER  THINNING. 

C  DENC  =  TREES  CUT  PER  ACRE. 

C  DENO  =  TREES  PER  ACRE  BEFORE  THINNING. 

C  DENT  =  TREES  PER  ACRE  AFTER  THINNING. 

C  DIE  =  TREES  LOST  IN  DISEASEO  STANDS  IN  10  YEARS,  IN  PERCENT. 

C  DLEV  =  GROWING  STOCK  LEVEL  FOR  INTERMEDIATE  CUTS  AFTFR  THE  FIRST. 

C  DMR  =  DWARF  MISTLETOE  INFECTION  RATING. 

C  DMRT  =  MAXIMUM  INFECTION  EXPECTED  IN  STANDS  AFTER  THINNING.  GOAL 

C  FOR  STANDS  NOT  ALREADY  BEYOND  DMR  OF  1.0. 

C  DSTY  =  LOWEST  VALUE  OF  DLEV  USEO  IN  A  TEST. 

C  HTSO  =  TREE  HEIGHT  BEFORE  THINNING. 

C  HTST  =  TREE  HEIGHT  AFTFR  THINNING. 

C  INVLIII  =  NEW  CUTTING  CYCLE  AFTER  REGENERATION  CUT  I. 

C  JCYCL  =  INTERVAL  BETWEEN  INTERMEDIATE  CUTS. 

C  JS8D  =  SUM  OF  BOARD  FEET  FROM  ALL  CUTS  WITH  YIELD  OF  COMBF  OR 

C  LARGER. 

C  JSMC  =  SUM  OF  MERCH.  CU.  FT.  FROM  ALL  CUTS  WITH  YIELD  OF  COMCU 

C  OR  LARGER. 

C  JSTF  =  SUM  OF  TOTAL  CU.  FT.  FROM  ALL  CUTS. 

C  KSTEP  =  INDICATOR  WITH  VALUE  OF  ONE  IF  CURRENT  THINNING  IS  FROM 

C  8EL0W  AND  TWO  IF  CURRENT  THINNING  IS  FROM  ABOVE. 

C  KTR  =  INDICATOR  WITH  VALUE  GREATER  THAN  ZERO  IF  A  SCHEDULED 

C  THINNING  HAS  BEEN  SKIPPED  BECAUSE  MISTLETOE  INDEX  IS  TOO  HIGH 

C  OR  BECAUSE  STAND  IS  ALREADY  TO  SPECIFIED  STOCKING. 

C  MIX  =  NUMBER  OF  STOCKING  LEVELS  EXAMINED  PER  TEST. 

C  NFLAG  =  INOICATOR  WITH  VALUE  GREATER  THAN  ZERO  IF  A  THINNING  FROM 

C  ABOVE  HAS  8EEN  MADE  AT  ANY  TIME. 

C  NTSTS  =  NUMBER  OF  TESTS  PER  BATCH. 

C  OUT  =  PERCENT  MORTALITY  IN  HEALTHY  STANDS. 

C  PCT  =  PERIODIC  HEIGHT  INCREASE  IN  INFESTED  STAND,  AS  A  PERCENTAGE 

C  OF  THE  INCREASE  IN  COMPARABLE  HEALTHY  STANDS. 

C  PRET  =  PERCENTAGE  OF  TREES  RETAINED  AFTER  THINNING. 

C  REOT  =  PERCENTAGE  REDUCTION  IN  NUMBER  OF  TREES  WHEN  DMR  IS 

C  REDUCED  TO  DMRT  0Y  THINNING. 

C  REGN(I)  =  STANO  AGE  WHEN  REGENERATION  CUT  I  OCCURS. 

C  RINT  =  NUMBER  OF  YEARS  FOR  WHICH  A  SINGLE  PROJECTION  IS  MADE. 

C  ROTA  =  FINAL  AGE  IN  YIELO  TABLE. 

C  SITE  =  SITE  INDEX. 

C  START  =  STAND  AGE  AT  TIME  OF  INITIAL  INFECTION. 

C  TEM  =  PERIOOIC  D.B.H.  INCREASE  IN  INFESTED  STAND,  AS  A  PERCENTAGE 

C  OF  THE  INCREASE  IN  COMPARABLE  HEALTHY  STANDS. 

C  THIN  =  GROWING  STOCK  LEVEL  FOR  INITIAL  THINNING. 

C  TOTC  =  TOTAL  CUBIC  FEET  CUT  PER  ACRE. 

C  TOTO  =  TOTAL  CUBIC  FEET  PER  ACRE  BEFORE  THINNING. 

C  TOTT  =  TOTAL  CUBIC  FEET  PER  ACRE  AFTER  THINNING. 

C  VLLVM)  =  PERCENT  OF  PREVIOUS  DLEV  TO  BE  LEFT  AT  REGN(I),  ENTERFP 

C  AS  A  DECIMAL. 

C 

COMMON  BA, 8AST, DBHO, DBHT, DENO, DMR, DMR T.FCTR, PRET, PROD, RE ST,VDM 
DIMENSION  VAR(11),TEMH(2I  , I NVL 1 3 ) , REGN I  3  )  ,  VLLV  I  3  ) 


C  READ  NUMBER  OF  TESTS  PER  BATCH  FROM  CARD  TYPE  ONE. 
C 

WEAO  (5,5)  NTSTS 
S  FORMAT  (14) 

IFfNTSTS  -LE.  01  GO  TO  470 


READ  (5,101  COMCU, COMBF 
10  FORMAT  ( 10F8. 3) 

VAR(9)  =  COMBF 

VARIIO)  =  COMCU 
C 
C  EXECUTE  PROGRAM  ONCE  FOR  EACH  SET  OF  INITIAL  VALUES  OF  INTEREST. 


C  READ  CUTTING  INTERVAL  AND  LEVELS  PER  TEST  FROM  CARD  TYPE  THREE. 


READ  (5,15)  JCYCL, M 
1**  FORMAT  (214) 

IFIJCYCL  .LE.  0  .OR 
JTEM  =  JCYCL 


READ  INITIAL  STAND  VALUES  FROM  CAhD  TYPE  FOUR. 

READ  (5,10)  AGE 0, DBHO, DENO, DSTY, RINT, S I TE , TH! N, ST Aft T 

VARI 1)  =  AGEO 

VAR12)  =  DBHO 

VARI3I  =  DENO 

VARIM  =  DSTY 

VAR(5)  =  HINT 

VARI6)  =  SITE 

VARI7)  =  THIN 

VAR(B)  =  START 

READ  SILVICULTURAL  CONTROLS  FROM  CARD  TYPE  FIVE. 

LLV(  I  ) , 1NVLI  I  ),REGN(2) 


READ  IS.lOIREGNIl ) 
VAR<  U  )  =  REGN(l) 
DO  20  L=l.  1  1 

IFf VAR(L)  -LE.  0.0)  GO  TO 
20  CONTINUE 
DLEV  =  0.0 
DO  35  NAM, 3 
L  =  4  -  NA 


C  PROVIDE  FOR  SEVERAL  GROWING  STOCK  LEVELS  PER  TEST. 
C 

40  DO  460  M=l ,MI X 

A  =  M 

ADDHT  =  0.0 

BDFO  =  0.0 

BOFT  =  0.0 

CFMO  =  0.0 

CFMT  =  0.0 

DMR  =  0.0 

DMRT  =  0.0 

HTCUM  =  0.0 

JSBD  =  0 

JSMC  =  0 

JSTF  =  0 

KSTEP  =  1 

KTR  =  0 

NFLAG  =  0 

TIME  =  0.0 

DLEV  =  IDSTY  *■  (A  *  10.01)  -  10. 0 

BASO  =  OENO  «  0.0054542  *  OBHO  *  DBHO 
C 

C  COMPUTE  CURRENT  DWARF  MISTLETOE  RATING.  UNTHINNED  STANDS. 
C 

TIME  =  AGEO  -  START 

IFITIME  .LE.  0.0)  GO  TO  <,5 

DMR  =  0.06533  *  TIME  ♦  0.036 

IFIDMR  .LT.  0.0)  OMR  =  0.0 

IFIOMR  .GT.  6.0)  DMR  =     6.0 


LVI 2)  ,  (NVLI2  >,REG J( 3) 


SITE  -  1.4*,P6 


C  OBTAIN  AVERAGE  HEIGHT  AND  VOLUMES  PER  ACRE. 


45  IF1AGE0  .GT.  55.0)  GO  TO  50 

HTSO  =  0.01441  •  AGEO  *  SITE 

GO  TO  55 
50  HTSO  =  0.59947  -  61.5019  /  AGEO 
Ifl  •  AL0G10ISITE]  /  AGEO 

HTSO  =  10.0  *•  HTSO 
55  PCT  =  1.073  -  0.0367  *  DMR 

|F(PCT  .GT.  I. 01  PCT  =  L.O 

HTSO  =  HTSO  »  PCT 


C  COMPUTF  TOTAL  CU.  FT.  ANO  CONVERT  TO  OTHFR  UNITS. 


D2H  =  DBHO  »  DBHO  *  HTSO 

IFI02H  .GT.  5000.0)  GO  TO  60 

TOTO  =  (0.53313  ♦  0.00033  «  BASO 

GO  TO  65 
60  TOTO  =  10.00237  »  BASO  ♦  0.00211 
65  IFIOBHO  .LT.  5.0)  GO  TO  70 

VDM  =  DBHO 

BA  =  BASO 

CALL  SWVOL 

BDFO  =  TOTO  *  PROD 

CFMO  =  TOTO  «  FCTR 
70  REST  =  THIN 


0.  12162  •  AGEO  -  1.50953 

0.R0522  •  AL0G101SITF)  *■  20.52 


0.00179  *  02H)  *  DENO 
D2H  -  1.09356)  *  DENO 


•LE.  0)  GO  TO  470 


ENTER  LOOP  FOR  REMAINING  COMPUTATIONS  ANO  PRINTOUT. 

DO  355  K=l,100 
CHANGE  STANDARDS  IF  A  REGENERATION  CUT  IS  DUE. 

90  IFIAGEO  .GE.  ROTA)  GO  TO  165 

IFIAGEO  .LT.  REGNI1))  GO  TO  106 

IFIAGEO  .NE.  REGNIin  GO  TO  95 

DLEV  =  DLEV  *  VLLVfl I 

REST  =  DLEV 

JCYCL  =  1NVLI I > 

GO  TO  105 
95  IFIAGEO  .NE.  REGN(2>>  GO  TO  100 

DLEV  =  DLEV  *  VLLV(2) 

REST  =  DLEV 


JCYCL  =  INVH2) 
GO  TO  105 
30  IFtAGEO  .NE.  RE&M3H  GO  TO  105 
DIFV  =  DLEV  •  VLLV(3) 
REST  =  DLEV 
JCYCL  =  INVLI3) 


UREASE  D.B.H 


THtNNIN 


NO  COMPUTE  POST-THINNING  VALUES. 
AGFO  .FO.  REGN(2)1  GO  10  1?"* 


'5  |F  (AGEO  .EQ.  REGNI  I  ) 

>8  IFIDMH  .LT.  1.0)  GO  TO  110 

BAST  =  PASO 

ORHT  =  DSHO 

DHRT  =  OHR 

HTST  a  HTSC1 

KTR  =  1 

GO  TO  150 
0  IF(DMR  .EQ.  0.0)  GO  TO  120 

IF  INF  LAG  .GT.  01  GO  TO  115 

OMRT  =  0.?5  •  DBi-0  -  0.50 

IFIDMRT  .LT.  0.0)  OMRT  =  0.0 

IFIOMHT  .GE.  OMR)  GO  TO  115 

CALL     SHCUT2 

NFLAl,    =     1 

KSTEP     =     2 

GO  TO  125 
5  CALL  SWCUT3 

KSTEP  =  1 

DMRT  =  OHR  ♦  0.0279  *  PRET  -  2.79 

GO  TO  125 

0  DMRT  =  OMR 
CALL  SWCUT1 
KSTEP  =  I 
GO  TO  125 

1  CALL  SWCUT1 
KSTEP  =  1 

DMRT  =  OMR  ♦  0.0279  «  PRE T  -  2.79 
IFIOMRT  .GT. 

>  IF(6AST  .LT. 
BAST  =  HASO 
DBHT  =  DBHO 
OMRT  =  DHR 
HTST  =  HTSO 
KTR  =  1 
GO  TO  150 

1PUTE  HEIGHT  AND  VOLUMES  AFTER  THINNING. 

I  GO  TO  (115,140), KSTEP 

ADDHT  =  7.64833  -  3.82286  »  ALOG101PRET) 

GO  TO  145 
\    ADDHT  =  3.4177  •  ALOGIO(PRET)  -  8.68863  /  BAST  - 

HTCUM  =  HTCUM  ♦  ADDHT 

HTST  =  HTSO  ♦  AOOHT 

JDENT  =  (BAST  /  (0.0054542  *  OBHT  *  DBHT))  ♦  0.5 

DENT  =  JDENT 

BAST  =  0.0054542  *  DBHT  *  DBHT  *  OENT 

D2H  =  DBHT  *  DBHT  •  HTST 

IFI02H  .GT.  5000.0)  GO  TO  155 

TOTT  =  10.53313  ♦  0.00033  •  BAST  ♦  0.00179 

GO  TO  160 

TOTT  =  (0.00237  *  BAST  +  0.00211  •  D2H  -  1.09156) 


U?H)  •  OENT 
OENT 


VERT  TOTAL  CU.  FT.  TO  OTHER  UNITS. 

IFIDBHT  .LT.  5.0)  GO  TO  165 

VDM  =  DBHT 

BA  =  BAST 

CALL  SMVOL 

BOFT  =  TOTT  •  PROD 

CFMT  =  TOTT  *  FCTR 

NGE  MOOE  AND  ROUND  OFF  FOR  PRINTING. 

JAGEO  =  AGEO 

JS1TE  =  SITE 

JOENO  =  DENO  +  0.5 

JHTSO  =  HTSO  ♦  0.5 

JTOTO  =  (TOTO  *  0.1 )  ♦  0.5 

JTOTO  =  JTOTO  *  10 

JBASO  =  BASO  ♦  0.5 

JCFMO  =  (CFMO  »  0.1 )  ♦  0.5 

JCFMO  =  JCFMO  •  10 

JBDFO  =  (BDFO  *  0.01)  *■  0.5 

JBDFO  =  JBDFO  *  100 

JHTST  =  HTST  ♦  0.5 

JTOTT  =  (TOTT  *  0.1)  ♦  0.5 

JTOTT  =  JTOTT  *  10 

JCFMT  =  (CFMT  *  0.1)  ♦  0.5 

JCFMT  =  JCFMT  •  10 

IFIJCFMT  .GT.  JCFMO)  JCFMO  =  JCFMT 

JBDFT  =  (BOFT  *  0.01)  +  0.5 

JBDFT  =  JBDFT  •  100 

IFIJBDFT  .GT.  JBDFO)  JBOFO  »  JBDFT 

J8AST  =  BAST  ♦  0.5 

JOENC  =  JDENO  -  JDENT 

JBASC  =  JBASO  -  JBAST 

JTOTC  =  JTOTO  -  JTOTT 

JCFMC  =  JCFMO  -  JCFMT 

IFUCFMC  .LE.  0)  JCFMC  =  0 

JBDFC  =  JBDFO  -  JBDFT 

IFUBDFC  .LE.  0)  JBDFC  =  0 

PERIDOIC  CUTS  FOR  LAST  LINE  OF  YIELD  TABLE. 

IFIAGEO  .GE.  ROTA)  GO  TO  190 

JSTF  =  JSTF  ♦  JTOTC 

CFMC  =  JCFMC 

IFfCFMC  .LT.  COMCU)  GO  TO  170 

JSMC  =  JSMC  ♦  JCFMC 

BDFC  =  JBDFC 

IFIBOFC  .LT.  C0MBF1  GO  TO  190 

JSBO  =  JS8D  ♦  JBOFC 


*TE  HEADINGS  FOR  YIELO  TABLE. 


i IFIK  .GE.  2)  GO  TO  220 

'WRITE  (6,195)  JSITE, THIN, DLEV 

FORMAT  (1HI,///,39X,51HYIELDS  PER  ACRE  OF  EVEN-AGFD  STANDS  OF  POND 

EROSA  PJNE/IH  ,57«,UHSITE  INDEX  ,I3/1H  , 38X, 29HTH I NN I NG  INTENSITY 

!-  INITIAL-  .F5.0.2X.12HSUBSE0UENT-  ,F5.0) 

WRITE  (6,200) 

FORMAT  UHO,25X,38hEnTIRE  STAND  BEFORE  AND  AFTER  TH  I  NN  1  NG  ,  28*  ,  26HP 

ERIOOIC  INTERMCOIATfc  CUTS) 

WRITE  16,205) 

FORMAT     (1h0,9X,5HSTAN0,10X,5H8ASAL,3x,7HAVERAGE.2X,7HAVERAGE,3X,5H 

T0rAL,3X,9HNERCHANT-,lX,9HSAHTIMBER,9X,5HBASAL.4X,5HiniAL,  SX,9HM1  R 

CHANT-,lx,9HSAWTIMBER) 


ww|  U      16,210) 
210    FORMAT     (1H     ,  10K,  3HAGI   ,4K,'.HT»U   '.  ,  U.'-HAKi   A,<,x  r6HD.R.H.  .   \X  ,6HH|   I  (.MI 
I  ,?X,6HV0LUME , ?x, l 1HAPI f    VOLUME, 4* ,6HVDI  UME, 3X, 5H TREES, 3X.4 
2,6HV0LUME,2X,  llHARLE    VOLUME, 4X.6HV0LUME I 
will     I6i215  I 
215    Fur  ma  I     UH     ,8X,7H(YEARS),3X,  IHNO.  ,  1X.6HSU.FT.  ,4X,  JH|  4.,6X,  )HI  1  .  .  ■'•  > 
I  ,6HCU.ET.,5X,6HCU.FT.,6X,6HBD.FT.,4X,  1HN0.  , 3X, 6HSQ.F T . ,2X , 6HCU. F T . 
2,5X ,6HCU.f I.,hX ,6HBD.I  T. ) 
C 

C    WRITE     TABLE    ENTRIES    OF     DIAMETER,    VOLUMES.     ETC. 
C 

-■in      [6, 225)     JAGEO, JOENO, JBASO. DBHO, JHTSO, JTOI     .JCFMO, J       I 
225    '    :-'mat     UH0,9X,  I4.4X,  I5.2X,  I4.5X.F5.1,  5X,  I3.4X,  15i6X,  15, 
[F(AGEO    .GF.     ROTA)    GO    TO    370 
WRITE     16,230)     JA&FO, JDENT, J  PAST , DBHT , JUT S I ,  JTOTT, JCF  "U  ,JODFT,JOFN< 

l , jhasc, JTOTC, jcFMr, ibDI  i 

230  FORMAT  I 1H  , 9 X, 1 4 , 4X , 1 5 , 2X, 1 4 , 5X , F 5. 1 , 5X , 1 3 ,4 X , I  5 , &X , I  5 , 6X , I 6 , 4 X , 1 
L5,3X,I3,5X,I4,6X,I4tRX,I5) 

C 

C  COMPUTE  VALUES  FOR  EACH  PERIOO.  THIN  AS  SPECIFIED. 

C 

I M | NT  =  RINT 

IK  =  JCYCL  /  1RINT 

DO  345  L=l  ,  IK 

AGEO  =  AGEO  ♦  RINT 

IF(AGEO  .GT.  ROTA)  GO  TO  170 
( 

C  COMPUTE  CURRENT  DWARF  MISTLETOE  RATING. 
C 

TIME  =  AGFO  -  START 

IFIDMH  .GT.  0.0)  GO  TO  250 

IFITIME  .LE.  0.0)  GO  TO  265 

Dmr  =  u. 06533  »  TIME  ♦  0.03616  •  SITF  -  1.4486 

GO  TO  260 
250  1FIDMHT  .LE.   I. 01  GO  TO  255 

f>MH     =     DMR    ♦     0.065     *    RINT 

GO  TO  260 
255  OMR  =  OMRT  ♦  (0.01  *  O.03R  •  DMRI)  *  RINT 

IFIL  .IE.  2)  bO  TO  260 

DMR  =  DMR  +  0.065  «  HINT 
260  IFIOMR  .LT.  0.0)  OMR  =  0.0 

IFIDMR  .GT.  6.0)  DMR  =  6.0 


C  COMPUTE  NFW  D.B. 


BEFORE  THINNING  AND  ROUND  OFF  TH  0.1  INCH. 

SI  TF- I  I.5  766*AI  OG10I fcAST) 1+3-302J 
T  -  0. 197) ) 


265  DBHO  =  1.0097  *  DeHT  ♦  0.0096 
IF (DMRT  .LE.  3.51  GO  TO  270 
TEM  =  IDHHIJ  -  ORHT)  »  (1.0  -  10.056 
DBHO  =  DBHT  ♦  TFM 

270  1DBH0  =  DBHO  *     10.0  +■  0.5 
DBHO  =  IOBHO 

DBHO  =  DBHO  *  0. 1 
DIE  =  0.0 

IFIDMRT  .LT.  1.0)  GO  TO  273 

DIE  =  20.66469  +  4.42271  «  DMRT  -  0.16174  •  SIT 
10 (DENT } 
DIE  =  DIE  »  0.01 
IF (DIE  .LT.  0.0)  DIE  =  0.0 

271  OUT  =  0.0 

IFIDBHT  .GE.  10.0)  GO  TO  275 

OUT  =  0.00247  *  0.00124  *  DBHT  ♦  0.00028  *  DBHT 
11  *  HAST  •  BAST  -  0.0000905  *  OBHT  »  BAST 

1FI0UT  .LT.  0.0)  OUT  =  0.0 
275  I F (DIE  .LT.  OUT)  OIE  =  GUT 

JDENO  =  (DENT  *  11. 0  -  DIEM  *  0.5 

DENO  =  JDENO 

BASO  =  DENO  *  (0.0054542  *  DBHO  *  DBHO I 
C 

C  OBTAIN  AVERAGE  HEIGHT  AND  VOLUMES  PER  ACRE. 
C 

DO  300  J=L,2 

LUB  =  J 

1*0  TU  (280,285)  ,LUB 
280  YARS  =  AGEO 

GO  TO  290 
285  YARS  =  AGEO  -  HINT 
290  IFfYARS  -GT.  55.0)  GO  TU  295 

TEMHIJ)  =  0.01441  »  YARS  *  SITE  -  0.12162  *  YAM 

GO  TU  300 
295  TFMH(J)  =  0.59947  -  61.5011  /  YARS  ♦  0.80522 
12528  *  ALOGIO(SITE)  /  YARS 

TEMHI J)  =  10. 0  **  TEMH( J) 
300  CONTINUE 

PCT  =  1.0  -  0.0002  *  DMRT  •  DMRT  *  OMRT 

CHNG  =  (TEMH(l)  -  TEMHI21)  •  PCT 

HTSO  =  HTST  *  CHNG 


S  -  1.51  ''■  ) 

AL0G10I  SI  It  I   •  ,'m.-. 


C  COMPUTI   Til  T  A 


CU.  FT. 


AND  CONVERT  TO  OTHER  UNITS. 


U2H  =  DRHO  *  DBHO  *  HTSO 

IFID2H  .GT.  5000.0)  GO  TO  305 

TOTO  =   10.51111  *  0.00011  *  BASO 

GO  TO  110 
305  TOTO  =  (0.00237  •  BASO  ♦  0.00211 
310  IFIOBHO  .LT.  5.0)  GO  TO  115 

VDM  =  DBHO 

BA  =  BASO 

CALL  SWVOL 

HOFQ  =  TOTO  •  PROD 

CFMO  =  TOTO  *  FCTR 

TFST  IF  REGENERATION  CUT  IS  DUE. 
115  DO  320  KU=1, 3 


C  CHANGE  MODE  AND  ROUND  OFF  FOR  PRINTING. 
C 

IFIL  .EQ.   IK)  GO  in  150 
DENU  ♦  0.5 

KAGEO  =  AGEO 

KHTSO  =  HTSO  »  0.5 

K6ASU  =  BASO  ♦  (1.5 

KTOTO  =  (TOTO  •  0.1 )  ♦  0.5 

KTOTO  =  KTOTO  •  10 

KCFMU  =  (CF  MO  •  0.1)  ♦  0.5 

KCFMO  =  KCFMO  •  10 

K8DF0  =  (BDFO  •  0.01)  »  0.5 

K80FO  -  KBOFO  •  100 
C 

C  kwlTE  VALUES  FOR  FHI   PERIOO  If  THINNING  IS  NUT  DuF . 
C 

WRI  TE  I6,2.,5  1  KAGI  t*  TOTO, 

DBHT  =  DBHO 

B  AS 1  =  BASO 

DENT  =  DENO 

OMRT  =  DMR 


■ 

■ 


MIST  =  HTSO 
145  CONTINUE 


C  PREPARE  TO  START  LOUP  AGAIN  FOR  NEXT  THINNING. 


150  REST  =  DLFV 
155  CONTINUE 


ADO  FINAL  CUTS  TO  TOTAL  YIELDS 


KITE  TOTAL  YIELDS. 


170  JSTF  =  JSTF  ♦  JTOTO 
CFMO  =  JCFMO 

IFICFMO  .LT.  COMCU)  GO  TO  175 
JSMC  =  JSMC  ♦  JCFMO 
175  BDFO  =  JBDFO 

IFIBDFO  .LT.  CGMBF)  GO  TO  330 
JSBD  =  JSBD  ♦  JBDFO 
380  WRITE  (6,3851  JSTF , JSMC , J S80 
385  FORMAT  I  1  HO , / ,67 X , I 2HT0T AL  Y I ELOS , 20X ,  14, 6X , I  4, 8X ,  I  5  ) 

WRITE  (6,190)  COMCU, COMBF 
190  FORMAT  I 1H0, // . 1 1 X , 44HM I N I  MUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS-- 
1.F6.0.I5H  CUBIC  FEET  AND,F7.0,11H  BOARD  FEET) 
I F I  STAR  T  .GE.  ROTA)  GO  TO  405 
WRITE  (6,400)  START, OMR, ROTA 
400  FORMAT  I 1H0, 10X.41HDWARF  MISTLETOE  INFECTION  STARTED  AT  AGE  ,F4.0, 
116H  ANO  RATING  WAS  .F5.1.8H  AT  AGE  ,F4.0) 
GO  TO  415 
405  WRITE  (6,4101  ROTA 
410  cORMAT  < 1H0,10X,63H0WARF  MISTLETOE  INFECTION  DID  NOT  OCCUR  DURING 

1  THE  ROTATION  OF  ,F4.0,7H  YEARS.) 
415  IFfKTR  .EQ.  0)  GO  TO  425 

WRi  TE  16,420) 
420  FORMAT  (  1H0 , 1  OX , 52HN0TF  THAT  NOT  ALL  SCHEDULED  THINNINGS  WERE  POSS 

116LE.  ) 
425  WRI TE  (6,410) 

410  FORMAT  (  1H0 , I  OX , 68HMERCH.  CU.  FT.  -  TREES  6.0  INCHES  D.B.H.  AND  LA 
1RGER  TO  4.0-JNCH  TOP.  1 
WRITE  (6,435) 
435  FORMAT  ( 1H0, I  OX , 68HBD.  FT.  -  TREES  10. 0  INCHES  D.B.H.  AND  LARGER  T 
10  VARIABLE  TOP  LIMIT. 1 


C  PREPARE  FOR  NEXT  TABLE  OF  THE  TEST. 


AGEO  =  VAR(l) 
DBHO  =  VARI2) 
DENO  =  VAR13) 
JCYCL  =  JTEM 
460  CONTINUE 
GO  TO  500 


r 

C  PROGRAM  CONTROL  GOES  HERF  IF  ANY  UNWANTED  ZEROS  IN  OATA  DHC*. 

470  WRITE  I  6,480) 

480  FORMAT  (  I  H  1  , / // , 1  OX , 64HEX ECUT ION  STOPPED  BECAUSE  OF  NEGATIVE  OR  ZE 
IRQ  ITEM  ON  OATA  CARD. ) 


500  CALL  EXIT 
END 


SU8R0UT INE  SWVOL 

TO  CONVERT  TOTAL  CU.  FT.  TO  MERCH.  CU.  FT.  AND  TO  00.  FT. 

COMMON  BA, BAST, D8H0, DBHT, DENO, DMR, DMRT, FCTR, PRET, PROD. RES T.VOM 

FCTR  =  0.0 
PROD  =  0.0 
IFIVOM  .LT.  5.0)  GO  TO  10 

VOLUMES  TO  4.0-INCH 
D  LARGER. 

IFIVDM  .GT.  6.5)  GO  TO  2 

FCTR  =  0.25222  »  VDM  -  1.01119 

GO  TO  6 
2  IFIVDM  .GT.  10. OJ  GO  TO  4 

FCTR  =  3.02485  -  0.09957  *  VDM  -  11.35814  /  VDM 

GO  TO  6 

4  FCTR  =  1.03936  -  1.41034  /  VDM 

6  IF(VDM  .IT.  8.0)  GO  TO  10 

OBTAIN  CONVERSION  FACTORS  FOR  BD.  FT.  -  VOLUMES  TO  VARIABLE  TOP  IN 
TREES  10.0  INCHES  D.B.H.  AND  LARGER. 

IFIVDM  .GT.  11.5)  GO  TO  8 

PROD  =  0.0028  »  BA  ♦  tl.  04155  *  VOH  *  VDM  -  2.78326 
GO  TO  10 
8  PROD  =  0.83943  ♦  0.20531  •  VDH 

10  RETURN 
END 


SUBROUTINE  SwCUTl 
C 

C  TO  ESTIMATE  INCREASE  IN  AVERAGE  D.B.H.  DUE  TO  THINNING  SOUTHWESTERN 
C  PONDEROSA  PINE  IF  DWARF  MISTLETOE  RATING  EQUALS  ZERO. 

COMMON  BA, BAST, D8H0, DBHT, DENn, DMR.DMRT, FCTR, PRE T, PROD, RE  ST, VDM 

IFtDBHO  .LT.  9.5)  GO  TO  30 
C 
C  COMPUTE  D.B.H.  IF  DBHO  IS  LARGE  ENOUGH  FOR  BASAL  AREA  TO  REMAIN  CONSTANT. 

PRET  =  100.0 
DO  21  KJ=1,100 
IFtPRET  .LT.  50.0)  GO  TO  5 

DBHE  =  0.73365  ♦  1.02008  *  DBHO  -  0.0PO7  *  (PRET  -  50.0)  -  0.0001 
14  »  IPRET  -  50.0)  •  (PRET  -  50.0) 


GO  TO  H 
5  PDBHE  =  0.49401  ♦  0.71B90  *  AL0G10IDBH0)  -  0.22530  *  ALOGIO(PRET) 
1  ♦  0.12616  *  ALOGIO(DBHO)  *  AL0G10IPRET) 
OBHE  =  10.0  **  PDBHE 
11  IDBHE  =  DBHE   *  10. 0  ♦  0.5 
DBHE  =  IDBHE 
DBHE  =  DBHE  *  0. 1 
DENE  =  DENO  *  PRET  *  0.01 
NDENE  =  DENE  *  0.5 
DENE  =  NDENE 

8ASE  =  0.0054542  *  DBHE  »  DBHE  «  OENE 
NBASE  =  BASE  »  10.0  ♦  0.5 
8ASE  =  NBASE 
BASE  =  BASE  »  0.1 

TMPY  =  0.0054542  *  DBHE  •  DBHE 
TEM  =  BASE  -  REST 
IF(TEM  ,LC.  TMPY)  GO  TO  70 
IFITEM  .LT.  4.0)  GO  TO  20 
PRET  =  PRET  -  1.0 
GO  TO  21 

20  PRET  =  PRFT  -  0.3 

21  CONTINUE 
GO  TO  70 


C  COMPUTE  D.B 


IF  BASAL  AREA  INCREASES  WITH  D.B. 


30  PRET  =  40.0 

IFIOBHO  .GT.  7.0)  PRET  =  70.0 

DO  65  J=l,100 

IFIPRET  .GE.  50.01  GO  TO  40 

PDBHE  =  0.49401  *  0.71890  *  AL 
1  +  0.12616  *  AL0G10I0BH0)  «  AL 

DBHE  =  10.0  **  PDBHE 

GO  TO  45 
40  DBHE  =  0.73365  *  1.02008  * 

14  •  (PRET  -  50.0)  *  IPRET 
45  IDBHE  =  DBHE  *  10.0  ♦  0.5 

DBHE  =  IDBHE 

OBHE  =  DBHE  *  0. 1 

DENE  =  DENO  *  (PRET  *  0.01) 

NDENE  =  DENE  ♦  0.5 

DENE  =  NDENE 

BASE  =  0.0054542  »  OBHE  *  DBHE  • 

NBASE  =  BASE  •  10.0  ♦  0.5 

BASE  =  NBASE 

BASE  =  BASE  »  0. 1 

BREAK  =  49.9  *  REST  /  «0.0 

IFIBASE  .GT.  BREAK)  GO  TO  50 

UBHP  =  (BO.O  /  REST)  •  (0.08682  < 

GO  TO  52 

50  BUST  =  66.2  *  (REST  /  80.0) 
IFIBASE  .GT.  BUST)  GO  TO  51 

DBHP  =  (80.0  /  REST)  *  10.10938  « 
GO  TO  52 

51  TMPY  =  BASE  »  (80.0  /  REST) 
TEM  =  TMPY  *  TMPY 

DBHP  =  19.04740  *  TMPY  -  0.26673 
I  -  448.76833 
IFITMPY  .GT.  80.0)  DBHP  =  DBHO  ♦ 

52  I08HP  =  DBHP  •  10. 0  ♦  0.5 
OBHP  =  IOBHP 

D8HP  =  OBHP  •  0. I 
IFIDBHP  -  DBHE)  60,70,61 

60  PRET  =  PRET  *  1.02 
GO  TU  65 

61  PRET  =  PRFT  *  0.98 
65  CONTINUE 

70  DBHT  =  D8HE 

C 

C  COMPUTE  POST-THINNING  BASAL  AREA. 

C 

IF IDBHT  .GT.  5.0)  GO  TO  75 

SOFT  =  U.58495  •  DBHT  -  U. 09724 

GO  TO  76 

75  IFIDBHT  .GF.  10.0)  GO  TO  77 
TEM  =  OBHT  *  DBHT 

SOFT  =  7.76226  *  DBHT  «-0.  65289  * 

76  BAST  =  (REST  /  80.0)  *  SOFT 
GO  TU  8  0 

77  HAST  =  REST 
80  RETURN 

END 


ALOblO(PRET) 


0.0012539 


DBHT-3. 45624 


SUBROUTINE  SWCUT2 

TO  ESTIMATE  INCREASE  IN  AVERAGE  D.8.H.  DUE  TU  THINNING  SOUTHWESTERN 
PONDEROSA  PINE  IF  DWARF  MISTLETOE  RATING  DETERMINES  THE  STANDARDS. 

COMMON  8 A, B A ST, DBHO, DBHT, DE NO, DMR, DMR T, FCTR, PRET, PROD, RE  ST, VDM 

COMPUTE  STANO  DENSITY  AFTER  A  THINNING  THAT  REDUCES  THE  INDEX. 


10.0 
41.0 


DMR 
DMR 


IFIDMR  .LT.  2.0)  GO  TO  5 
KEDT  =  77.5  -  R.5  *  DBHO  ♦ 
GO  TO  10 
5  REDT  =  15.5  -  8.5  *  OBHO  ♦ 
10  PRET  =  100.0  -  REDT 

DENT  =  DENO  *  (PRET  »  0.01 
IDENT  =  DENT  ♦  0.5 
DENT  =  IDENT 


C  COMPUTE  D.B.H.  AFTER  THINNING  TO  DESIRED  DENSITY 


IFIPRET  .LT.  50.0)  GO  TO  15 

DBHT  =  0.98543  *  OBHO  ♦  0.00807  *  (PRET  -  50.0)  ♦  0.00025  •  IPRET 
1  -  50.0)  *  IPRET  -  50.0)  -  fl.  91172 

GO  TO  20 
15  OBHT  =  0.51618  *  ALOGIO(PRET)  ♦  1.69219  •  AL0G10ID8H0)  -  0.34768 
1AL0G10IPRET)  *  ALOGIO(OBHQ)  -  1.03421 

DfiHT  =  10.0  •*  DBHT 
20  IDBHT  =  DBHT  *  10. 0  +  0.5 

DBHT  =  IDBHT 

DBHT  =  DBHT  •  0.1 

BAST  =  0.0054542  *  DBHT  *  OBHT  •  DENT 

RETURN 

ENO 


10 


SUBROUTINE     SWCUT3 


OMPUTE     D.B.H.     IF    OBHO     IS    LARGE     ENOUGH    FOR    BASAL 

PRFT    =     100. 0 

DO    21    KJ>1,100 

IF1PRFT    .LT.     50.0)    GO    TO    5 

DBHE  =  0.73365  ♦  1.02008  •  DBMO  -  0.01107 
1*.  •  IPRET  -  50.0)  *  IPRET  -  50.0) 

60  TO  11 
5  PDBHE  =  0.49401  ♦  0.7(890  *  ALOGIO(DBHO)  - 
1  ♦  0.12616  *  ALOGIO(DBHO)  •  ALOGIO(PRET) 

DBHE  =  10.0  **  POBHE 
11  TEM  =  OBHE  -  OBHO 

08HE  =  OBHO  ♦  TgM  •  0.5 

IDBHl  =    ORHE  *  10. 0  ♦  0.5 

DBHE  =  I DBHE 

DBHE  =  OBHE  *  0. 1 

DENE  =  DENO  *  PRET  *  0.01 

NDENE  =  OENE  *  0.5 

DENE  =  NDENE 

BASE  =  0.0054542  *  OBHE  •  DBHE  »  DENE 

NBASE  =  BASE  •  10.0  ♦  0.5 

BASE  =  NBASE 

BASE  =  BASE  *  0.1 

TMPV  =  0.0054542  *    DBHE  •    DBHE 

TEM  ^  BASE  -  REST 

IFITtM  .IE.  TMPY)  GO  TO  70 

1F( TEM  .LT.  4.0)  GO  TO  20 

PRET  =  PRET  -  1.0 

GO  TO  21 

0  PRET  =  PRET  -  fl.3 

1  CONTINUE 
GO  TO  70 

HPUTE  O.B.H.  IF  BASAL  AREA  INCREASES  WITH  D.B.H 

0  PRET  =  40.0 

IFIDBHO  .GT.  7.0)  PRET  =  70.0 
00  65  J«l*100 

IFIPKET  .GE.  50.0)  GO  TO  40 

PDBHE  =  0.49401  ♦  0.71690  »  AL0G10 ( DBHO )  -  0. 
1  ♦  0.12616  *  ALOGIO(DBHO)  »  AL0G10IPRETI 
D8HE  =  10.0  ••  POBHE 


ylNG  FROM  HCLOW 


REMAIN  CONS! ANT . 


»  IPRET  -  50.0)  -  0.0001 

0.22510     •     ALIIMOIPRET  ) 


ALOOlOtPRET I 


GO    TO    45 

0.73365     ♦     1.02008     •     OBHO    -    0.01107     •     IPRET     - 
1*.     •     IPHFT     -     50.0)     •     IPRET     -     50.0) 
45    UK    =    DBHE     -    DBHO 

DBHI     =    DBHO    *     TFM    •    0.5 

IOBHE     =     DBHE     •     10. 0    ♦     0.5 

OBHE     =     IOBHE 

OBHE     =     OBHE     •    0. 1 

DENE     =     DENO    •     IPRET     •     0.01) 

NOFNL     a     DENE     ♦    0.5 

NDENE 
BASE     =     0.0054542     •     DBHE     •     OHMt     •     DENi 
NBASE     =     BASE     •     10. 0     ♦     0.5 
HASE     =     NBASE 
BASE     =    BASE    •    0.1 
BHFAK     =     49.9     •    WEST     /     BO.O 
IFIBASF     .GT.     BREAKI     GO    TO    50 

DBHP    =     180.0     /    REST)     •     (l,.0»682     •     BASE)     ♦     0.94636 
GO     TU    52 

50  BUST     =     (.6.2     ♦     (REST     /     80.0) 
IFIBASE     .GT.     BUST)     GO     TO    51 

DBHP     =     180.0     /     RtST)     •     (0.10938     •     BASF)     -     0.17B5B 
CD     TO    52 

51  IMPY     =     BASE     •     180. 0    /     REST) 
TIM     ~-     TMPY    *     TMPY 

DBHP    =     19.04740     •     TMPY    -     0.26673    •     TEM     •     0.0012511     * 
1     -     44B.  76fl  il 
IFITMPY     .(.T.     80.0)     OBHP    =     OBHO    ♦    0.8 

52  IDOHP    =     DBHP     •     10.0    ♦     0.5 
OBHP     =     IDBHP 

DBHP     =    DBHP    *     0. I 
1F1DBHP    -    OBHE)     60,70,61 

60  PRET  =  PRET  *  1.02 
(,n  TU  65 

61  PRET  =  PRET  •  0.98 
(.5  CONTINUE 

70  DBHT  =  DBHE 
C 

C  COMPUTE  POST-THINNING  BASAL  AREA. 
C 

IF lOUHT  .GT.  5.01  GO  TO  75 

SOFT  =  11.58495  •  DBHT  -  11.09724 

i.u  TU  76 

75  IFIDtJHT     .GE.     10.0)     GO     TO     77 
TfM    =    DBHT    »    DBHT 

SOFT     =     7.76226    «    DBHT     ♦0.852H9     •     TEM     -0.079S2    •     TEM 

76  HAST     =     (REST     /     BO.O)     »     SgFT 
GO     TO    8  0 

77  BAST     =    REST 
80    RETURN 

END 


DBMT-3. 45624 


1  1 


APPENDIX  2 
Output  of  Sample  Problem 

YIELDS  PER  ACRE  OF  EVEN-AGED  STANDS  OF  PONDEROSA  PINE 

SITE  INDEX   70 
THINNING  INTENSITY-  INITIAL-   100.   SUBSEQUENT-    80. 

ENTIRE  STAND  BEFORE  AND  AFTER  THINNING  PERIODIC  INTERMEDIATE  CUTS 

AVERAGE   AVERAGE    TOTAL    MERCHANT-    SAWTIMBER  BASAL     TOTAL    MERCHANT-    SAHTIMBER 

D.B.H.    HEIGHT   VOLUME   ABLE  VOLUME     VOLUME    TREES    AREA    VOLUME   ABLE  VOLUME     VOLUME 

IN.        FT.      CU.FT.       CU.FT.        BD.FT.     NO.    SQ.FT.   CU.FI.       CU.FT.        BD.FT. 

4.8        25      1530  360  0 

5.8  27        810  360  0        577     51        72u  0  0 

6.9  36       1330  920  0 

7.8       44      1970         1560  800 

8.6  45       1230         1040  800        177     45        74U         520  0 

9.7  52       1730         1530  2700 

10.6       58      2420         2190  5900 

70        113     80        11.4       59       1730         1580  5400 

HO 

90       113    112        13.5       70      2930         2740         10600 
14.3       70      2120         2000  flOOO 

100        72     93        15.4        75      2620         2490         10500 

110         72    106        16.4        78       3130         2990         13200 
110        22     39        18.1        80       1190         1150  5400 


STAND 

AGE 
YEARS) 

TREES 

NO. 

BASAL 

AREA 

SU.FT 

in 
10 

950 
373 

1  19 
68 

40 

17  0 

96 

50 

365 

121 

186 

1  14 

1  1  3 

80 

1  ]  i 

li 

1  11 

1  L2 

72 

BO 

72 

1  06 

22 

VI 

?? 

4  1 

22 

54 

120        22  47        19.7       83       1480         1430  7200 

130        22  54        21.2        86       1770         1720  9200 

TOTAL  YIELDS 

MINIMUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS--   320.  CUBIC  FEET  AND   1500.  BOARD  FEET 
DWARF  MISTLETOE  INFECTION  DID  NOT  OCCUR  DURING  THE  ROTATION  OF  130.  YEARS. 
MERCH.  CU.  FT.  -  TREES  6.0  INCHES  O.B.H.  AND  LARGER  TO  4.0-INCH  TOP. 
BD.  FT.  -  TREES  10.0  INCHES  D.B.H.  AND  LARGER  TO  VARIABLE  TOP  LIMIT. 


YIELDS  PER  ACRE  OF  EVEN-AGED  STANDS  OF  PONDEROSA  PINE 

SITE  INDEX   70 
THINNING  INTENSITY-  INITIAL-   100.   SUBSEQUENT-    90. 


ENTIRE  STAND  BEFORE  AND  AFTER  THINNING  PERIODIC  INTERMEDIATE  CUTS 

TOTAL    MERCHANT-  SAWTIMBER 

VOLUME   ABLE  VOLUME  VOLUME 

CU.FT.       CU.FT.  BD.FT. 


STAND 

BASAL 

AVERAGE 

AVFRAGE 

TOTAL 

MERCHANT- 

SAWT1MBER 

BASAL 

AGE 

TREES 

AREA 

D.B.H. 

HE IGHT 

VOLUME 

ABLE  VOLUME 

VOLUME 

TREES 

AREA 

(YEARS) 

NO. 

SQ.FT. 

IN. 

FT. 

CU.FT. 

CU.FT. 

BD.FT. 

NO. 

SQ.FT 

SO 

950 

1  19 

4.8 

25 

1530 

360 

0 

in 

17  1 

68 

■>.R 

27 

810 

360 

0 

577 

51 

40 

370 

96 

I,  .'t 

36 

1330 

920 

0 

50 

365 

1/1 

7.H 

4<. 

1970 

1560 

900 

SO 

,'1  1 

85 

H.f, 

45 

1380 

1170 

900 

154 

36 

60 

210 

L06 

9.6 

52 

1910 

1690 

2900 

70 

209 

126 

10.5 

5R 

2670 

2420 

6300 

7  0 

1  2  ■> 

90 

11.3 

59 

1940 

1780 

5900 

80 

36 

90 

1/  i 

123 

13.2 

70 

3200 

2990 

11400 

'10 

«<, 

90 

14.0 

70 

2370 

2230 

8800 

ion 

H4 

103 

15.0 

75 

2900 

2740 

11400 

1  in 

84 

1  If. 

15.9 

78 

3430 

3260 

14100 

1  1  (i 

27 

46 

17.6 

80 

1390 

1330 

6200 

1  20 

27 

54 

19.1 

81 

1700 

1640 

8100 

I  10 

2  7 

62 

20.5 

B6 

2030 

1970 

10200 

TOTAL  YIELDS 

MINIMUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS —   320.  CUBIC  FEET  AND   1500.  BOARD  FEET 
DWARF  MISTLETOE  INFECTION  DIO  NOT  OCCUR  DURING  THE  ROTATION  OF  130.  YEARS. 
MERCH.  CU.  FT.  -  TREES  6.0  INCHES  D.B.H.  AND  LARGER  TO  4.0-INCH  TOP. 
BD.  FT.  -  TREES  10.0  INCHES  D.B.H.  AND  LARGER  TO  VARIABLE  TOP  LIMIT. 
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YIELDS  PER  ACRE  OF  EVEN-AGED  STANDS  OF  PONDLROSA  PINF 

SITE  INDEX   70 
THINNING  INTENSITY-  INITIAL-   100.   SUflStOUFNT-   100. 

ENT1RF  STAND  BEFORE  ANO  AFTER  THINNING  PERIODIC  !  NTCRMET)  I  ATI  CUTS 

TOTAL    MERCHANT-    SAWt [MBI P 
VOLUME   API  r  vi  I  ,'''i      V  II  UMt 
CU.FT.       CU.FT.  .FT. 


STAND 

BASAL 

AVERAGE 

AVERAGE 

TOTAL 

MERCHANT- 

SAWTIMPtR 

B  A  S  A 1 

AGE 

TREES 

AREA 

D.B.H. 

HEIGHT 

VOLUME 

ABLE  VOLUME 

VOLUME 

TREES 

ARFA 

1  YEARS) 

NO. 

SO. FT. 

IN. 

FT. 

CU.FT. 

CU.FT. 

BD.FT. 

NO. 

SO. FT 

10 

950 

119 

'. .  '1 

25 

1530 

360 

0 

30 

373 

68 

5.8 

27 

810 

360 

0 

57  7 

51 

40 

370 

96 

6.  I 

36 

1330 

920 

u 

50 

365 

121 

r.a 

44 

1970 

1560 

1000 

50 

239 

94 

8.5 

45 

1530 

1290 

loou 

1  26 

.'  .' 

70 

235 

133 

10.2 

58 

2820 

2540 

6000 

70 

1  54 

100 

10.9 

59 

2140 

1950 

5700 

80 

154 

117 

11.8 

65 

2800 

2570 

9100 

90 

154 

1  11 

12.6 

69 

3460 

3210 

11900 

90 

104 

100 

13.3 

?o 

2630 

2460 

9400 

100 

104 

1 1". 

14.2 

74 

3200 

3010 

12000 

1  10 

1  Li'. 

129 

15.1 

Ml 

3810 

3600 

15000 

110 

32 

49 

16.8 

80 

1490 

1420 

6400 

120 

32 

58 

18.3 

83 

1840 

1770 

8500 

130 

12 

68 

19.7 

B6 

2210 

2140 

10RO0 

TOTAL  YIELDS 

MINIMUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS —   320.  CUBIC  FEET  AND   1500.  BOARD  FEET 
DWARF  MISTLETOE  INFECTION  DID  NOT  OCCUR  DURING  THE  ROTATION  OF  130.  YEARS. 
MERCH.  CU.  FT.  -  TREES  6.0  INCHES  O.8.H.  AND  LARGER  TO  4.0-INCH  TOP. 
BD.  FT.  -  TREES  10.0  INCHES  D.B.H.  AND  LARGER  TO  VARIABLE  TOP  LIMIT. 


YIELDS  PER  ACRE  OF  EVEN-AGED  STANDS  OF  PONOEROSA  PINE 

SITE  INDEX   70 
THINNING  INTENSITY-  INITIAL-   100.   SUBSEQUENT-    80. 


ENTIRE  STAND  BEFORE  ANO  AFTER  THINNING  PERIODIC  INTERMEDIATE  CUTS 

STAND  BASAL  AVERAGE  AVFRAGE  TOTAL  MERCHANT-  SAWTIMBFR  PASAL      TOTAL    MFRCHAM1-    SAWTIMBcR 

AGE  TREES  AREA  D.B.H.  HEIGHT  VOLUME  ABLE  VOLUME  VOLUME    TREES    AREA    VOLUME   ABLE  VOLUME     VOLUME 

IYEARSI  NO.  SQ.FT.  IN.  FT.  CU.FT.  CU.FT.  BD.FT.     NO.    SQ.FT.   CU.FT.      CU.FT.        BD.FT. 

30  950  119  4.8  25  1510  0  0 

30  374  28  3.7  23  410  0  0        576     91       1100           0 

40  372  59  5.4  32  820  290  0 

50  332  79  6.6  40  1230  800  0 

50  253  64  6.8  41  1000  670  0         79     15       230         130              0 

60  227  79  8.0  47  1350  1090  300 


70 

191 

86 

9.1 

54 

1630 

1420 

1700 

70 

191 

86 

9.1 

54 

1630 

1420 

1700 

80 

156 

87 

10.  1 

60 

1860 

1670 

3500 

90 

124 

83 

11.1 

64 

1960 

1790 

5500 

90 

124 

83 

11.1 

64 

1960 

1790 

5500 

100 

95 

76 

12.1 

68 

1920 

1770 

6400 

no 

71 

66 

13.  1 

72 

1780 

1660 

6300 

110 

37 

40 

14.0 

r  1 

1080 

1010 

4000 

120 

29 

38 

15.5 

76 

1090 

1030 

4400 

130 

21 

33 

16.9 

M 

1   Ml 

1010 

4200 

TOTAL  YIELDS 

MINIMUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS —   320.  CUBIC  FEET  AND   1500.  BOARD  FEET 

DWARF  MISTLETOE  INFECTION  STARTFD  AT  AGE   10.  AND  RATING  WAS    6.0  AT  AGE  130. 

NOTE  THAT  NOT  ALL  SCHEDULED  THINNINGS  WERE  POSSIBLE. 

MERCH.  CU.  FT.  -  TREES  6.0  INCHES  D.B.H.  AND  LARGER  TO  4.0-INCH  TOP. 

BD.  FT.  -  TREES  10.0  INCHFS  D.B.H.  ANO  LARGER  TO  VARIABLE  TOP  LIMIT. 
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YIELDS  PER  ACRE  OF  EVEN-AGED  STANDS  OF  PONDtROSA  PINE 

SITE  INDEX   70 
THINNING  INTENSITY-  INITIAL-   100.   SUBSEQUENT-    90. 

ENTIRE  STAND  BEFORE  AND  AFTER  THINNING  PERIOOIC  INTERMEDIATE  CUTS 

STAND  BASAL    AVERAGE   AVERAGE    TOTAL    MERCHANT- 

AGE     TREES    AREA     D.B.H.    HEIGHT   VOLUME   ABLE  VOLUME 
[YEARS)    NO.    SO. FT.      IN.        FT.     CU.FT.       CU.FT. 

30       950    119        4.8       25       1510  0 

30       374     28         3.7       23       410  0 


SAWTIMBER 

BASAL 

TOTAL 

MERCHANT- 

SAWTIMBER 

VOLUME 

TREES 

AREA 

VOLUME 

ABLE  VOLUME 

VOLUME 

BD.FT. 

NO. 

SQ.FT. 

CU.FT. 

CU.FT. 

BD.FT. 

0 
0 

576 

91 

1100 

ii 

0 

50 

so 

332 

2  'l  9 

79 
71 

h.h 
b.  1 

Ml 
41 

1230 
1100 

BOO 

7  (0 

0 

0 

Ml 

Z  5  b 

US 

7.8 

47 

1450 

1150 

0 

70 

ro 

215 
21  5 

91 

91 

8.8 
3.8 

54 
54 

1720 
1720 

1480 
1480 

1500 
1500 

HO 

175 

9? 

9.8 

so 

1950 

1740 

3200 

90 

90 

1)8 
1  18 

RB 
B8 

10.8 
10.8 

64 
64 

2060 
2060 

1870 
1870 

5200 
5200 

100 

106 

Bl 

11.8 

6R 

2030 

1870 

6600 

110 
1  10 

44 

71 
45 

12.8 
13.7 

72 

7  1 

1880 
1220 

1750 
1140 

6500 
4500 

120 

14 

42 

15.1 

76 

1200 

1140 

4700 

130 

25 

17 

16.4 

78 

1090 

1140 

4600 

TOTAL  YIELDS 

MINIMUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS —   320.  CUBIC  FEET  AND   1500.  BOARD  FEET 

DWARF  MISTLETOE  INFECTION  STARTED  AT  AGE   10.  AND  RATING  WAS    6.0  AT  AGE  130. 

NOTE  THAT  NOT  ALL  SCHEDULED  THINNINGS  WERE  POSSIBLE. 

MERCH.  CU.  FT.  -  TREES  6.0  INCHES  D.B.H.  AND  LARGER  TO  4.0-INCH  TOP. 

BD.  FT.  -  TREES  10.0  INCHES  D.B.H.  AND  LARGER  TO  VARIABLE  TOP  LIMIT. 


YIELDS  PER  ACRE  OF  EVEN-AGED  STANDS  OF  PONDtROSA  PINE 

SITE  INDEX   70 
THINNING  INTENSITY-  INITIAL-   100.   SUBSEQUENT-   100. 


ENTIRE  STAND  BEFORE  AND  AFTER  THINNING  PERIODIC  INTERMEDIATE  CUTS 


STAND 

BASAL 

AVERAGE 

AVERAGE 

TOTA 

AGE 

TREES 

AREA 

O.B.H. 

HEIGHT 

VOLUM 

(YEARS) 

NO. 

SQ.FT. 

IN. 

FT. 

CU.FT 

10 

950 

1  19 

4.8 

25 

1510 

30 

17  4 

28 

3.  7 

23 

410 

SAWTIMBER 

BASAL 

TOTAL 

MERCHANT- 

SAWTIMBER 

VOLUME 

TREES 

AREA 

VOLUME 

ABLE  VOLUME 

VOLUME 

BD.FT. 

NO. 

SQ.FT. 

CU.FT. 

CU.FT. 

BD.FT. 

50       332 
50       327 


70       238 
70       238 


6.6 

40 

1230 

800 

0 

6.6 

40 

1210 

790 

0 

7.  7 

47 

1570 

1230 

0 

8.7 

SI 

1860 

1590 

1500 

R.  7 

53 

1860 

1590 

1500 

90        153     92        10.5        64       2140         1940  4900 

90        153     92        10.5       64       2140         1940  4900 


110 

R  7 

71 

12.4 

71 

1940 

1790 

6600 

1  10 

53 

So 

13.2 

7  2 

1360 

1270 

4R00 

120 

41 

47 

14.5 

75 

1330 

1250 

5100 

130 

30 

41 

15.8 

7R 

1200 

1270 

4900 

TOTAL  YIELOS 

MINIMUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS —   320.  CUBIC  FEET  AND   1500.  BOARD  FEET 

DWARF  MISTLETOE  INFECTION  STARTED  AT  AGE   10.  AND  RATING  WAS    6.0  AT  AGE  130. 

NOTE  THAT  NOT  ALL  SCHEDULED  THINNINGS  WERE  POSSIBLE. 

MERCH.  CU.  FT.  -  TREES  6.0  .NCHES  O.B.H.  AND  LARGER  TO  4.0-INCH  TOP. 

BD.  FT.  -  TREES  10.0  INCHES  D.B.H.  AND  LARGER  TO  VARIABLE  TOP  LIMIT. 
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STAND 

AGE 

IYEARSI 

50 
50 


70 
70 


90 
90 


110 
110 


120 
130 


TREES 
NO. 


575 

575 


13  I 
337 


YIELDS  PER  ACRE  OF  EVEN-AGED  STANDS  OF  PONDEROSA  PINE 

SITE  INDEX   70 
THINNING  INTENSITY-  INITIAL-   100.   SUBSEQUENT-    BO. 

ENTIRE  STAND  BEFORE  AND  AFTER  THINNING 


BASAL 

AREA 

SO. FT. 

121 
121 


106 

!  16 


174 

80 

1  74 

8  0 

L2] 

67 

a-, 

S7 

52 

40 

4  0 

39 

29 

3* 

AVERAGE   AVERAGE    TOTAL    MERCHANT- 
D.B.H.    HEIGHT   VOLUME   ABLE  VOLUME 


6.2 
6.2 


7.6 
7.6 


9.2 
9.2 


11.1 
11.9 


13.3 
14.7 


I   I  . 
40 


53 

5  1 


63 

&  1 


1920 
1920 


2040 
2040 


1810 
1810 


1480 
1060 


1070 
990 


1060 
1060 


1580 
1580 


1580 
1580 


1350 
980 


1000 
980 


4100 
3500 


3800 


PERIODIC  INTERMEDIATE  CUTS 


SAWT IMBER 

BASAL 

VOLUME 

in 

ARTA 

BD.FT. 

NO 

SO. FT 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1100 

2000 

2000 

0 

0 

TOTAL    MFRCHANT- 
VOLUMI    AHLF  VOLUME 


S AM  1  I MBI  " 

VOLUME 

.il. 


TOTAL  YIELDS 

MINIMUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS —   320.  CUBIC  FEET  AND   1500.  BOARD  FEET 

DWARF  MISTLETOE  INFECTION  STARTED  AT  AGE   10.  AND  RATING  HAS    6.0  AT  AGE  130. 

NOTE  THAT  NOT  ALL  SCHEDULED  THINNINGS  WERE  POSSIBLE. 

MERCH.  CU.  FT.  -  TREES  6.0  INCHES  D.B.H.  AND  LARGER  TO  4.0-INCH  TOP. 

BD.  FT.  -  TREES  10.0  INCHES  D.B.H.  AND  LARGER  TO  VARIABLE  TOP  LIMIT. 


YIELDS  PER  ACRE  OF  EVEN-AGED  STANDS  OF  PONDEROSA  PINE 

SITE  INDEX   70 
THINNING  INTENSITY-  INITIAL-   100.   SUBSEQUENT-    90. 


ENTIRE  STAND  BEFORE  AND  AFTER  THINNING 


PERIODIC  INTERMEDIATE  CUTS 


STAND 

BASAL 

AVERAGE 

AVERAGE 

TOTAL 

MERCHANT- 

SAWT1MKER 

BASAL 

TOTAL 

MERCHANT- 

SAWTIMBtR 

AGE 

TREES 

AREA 

D.B.H. 

HEIGHT 

VOLUME 

ABLE  VOLUME 

VOLUME 

TREES 

AREA 

VOLUME 

ABLE  VOLUME 

VDLUMfc 

(YEARS! 

NO. 

SQ.FT. 

IN. 

FT. 

CU.FT. 

CU.FT. 

BD.FT. 

NO. 

SQ.FT. 

CU.FT. 

CU.FT. 

BO. FT. 

50 

575 

121 

6.2 

40 

1920 

1060 

0 

50 

575 

121 

6.2 

40 

1920 

1060 

'i 

0 

0 

0 

0 

u 

60 

447 

116 

6.9 

46 

2020 

1400 

0 

70 

337 

106 

7.6 

53 

2040 

1580 

0 

70 

337 

106 

7.6 

53 

2040 

1580 

0 

0 

0 

0 

0 

0 

80 

246 

95 

8.4 

59 

1960 

1640 

1100 

90 

174 

80 

9.2 

6  l 

1810 

1580 

2000 

90 

174 

80 

».  2 

63 

1810 

1580 

2000 

0 

0 

0 

0 

0 

100 

121 

67 

10.1 

67 

1640 

1470 

3000 

no 

85 

57 

11.1 

71 

1480 

1350 

4100 

no 

60 

45 

11.7 

71 

1180 

1080 

3800 

25 

12 

300 

270 

300 

120 

45 

41 

13.0 

74 

I  150 

1070 

4000 

130 

32 

36 

14.3 

77 

1030 

1080 

3900 

TOTAL  YIELDS 

MINIMUM  CUTS  FOR  INCLUSION  IN  TOTAL  YIELDS —   320.  CUBIC  FEET  AND   1500.  BOARO  FEET 

DWARF  MISTLETOE  INFECTION  STARTED  AT  AGE   10.  AND  RATING  WAS    6.0  AT  AGE  130. 

NOTE  THAT  NOT  ALL  SCHEDULED  THINNINGS  WERE  POSSIBLE. 

MERCH.  CU.  FT.  -  TREES  6.0  INCHES  D.B.H.  AND  LARGER  TO  ■. .  0-INCH  TOP. 

BO.  FT.  -  TREES  10.0  INCHES  D.B.H.  AND  LARGER  TO  VARIABLE  TOP  LIMIT. 
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Abstract 

A  time-lapse  camera  for  use  in  biological  research  can  be 
constructed  from  a  super  8-mm  movie  camera.  A  single-frame 
release  is  activated  through  a  solenoid  controlled  by  an  electronic 
timer.  The  unit  is  activated  by  a  photo  cell  for  daylight  operation. 
Timing  interval  can  be  varied  from  1/2  second  to  60  minutes. 
With  a  5-minute  interval  and  12  hours  of  daylight,  one  roll  of 
film  will  last  25  days.  The  unit  operates  from  a  6-volt  d.c.  power 
supply.  Cost  of  camera,  solenoid,  and  electronic  timer  is  approxi- 
mately $165. 

Keywords:    Wildlife     techniques,    biological    research,    time-lapse 
photography. 
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Construction  of  an  8  mm  Time  Lapse  Camera  for  Biological    Research 


David    R.    Patton,   Virgil    E.    Scott,    and    Erwin   L.    Boeker 


Introduction 

Time-lapse  photography  is  a  valuable  tech- 
ique  to  replace  observers  in  certain  types  of 
lldlife  research.  It  compresses  the  time  of  a 
lene  into  a  shorter  viewing  period;  it  is  an 
istantaneous  and  systematic  sample  of  an 
lent.  A  review  of  technical  data  on  commer- 
ce devices  that  met  our  specifications  revealed 
r.ost  were  too  expensive  (from  $400-$l,200). 
ad  were  not  adapted  to  field  use.  It  became 
aparent  that  if  we  wanted  to  use  time-lapse 
potography  in  wildlife  research,  we  would 
1st  have  to  develop  the  equipment.  This 
Iper  presents  one  method  for  constructing 
a  8-mm  time-lapse  camera. 

The  time-lapse  unit  consists  of  a  Vivitar  3 
$per  8-mm  movie  camera  with  an  electric 
gbtor,  behind-the-lens  light  meter,  automatic 
■'  stop,  and  50-foot  film  cartridge.  The  single- 
fi  me  release  is  activated  by  a  solenoid  attached 
t<'  the  side  of  the  camera  and  controlled  by 
a  electronic  timer. 

hours   the   unit  is  turned 

The  camera,  timer,  and 

in  a  weatherproof  alumi- 

Power   is   provided   by  a 


■  During  daylight 
o   by  a  photo  cell, 
s  enoid  are  encased 
nm   box    (fig.    1). 


Trade  names  and  company  names  are  used  for  the 
b'efit  of  the  reader  and  do  not  imply  endorsement 
O. preferential  treatment  by  the  U.  S.  Department  of 
A'iculture. 


6-volt  battery.  Any  camera  with  a  single-frame 
release  or  an  electromagnetic  shutter  can  be 
used  with  the  timer  and  solenoid.  Choice  of 
camera  will  depend  on  the  cost  and  operational 
features  needed  by  the  researcher. 


Construction  Details 
Weatherproof  Case 

The  camera  case  is  constructed  from  a  deep 
drawn  aluminum  box  (fig.  2).  Holes  are  cut 
in  the  ends  for  a  glass  or  plastic  lens.  Suitable 
lenses  can  be  obtained  from  surplus  meters  or 
flashlights.  Lenses  are  held  in  place  with 
epoxy  cement  or  a  lens  mount  with  screws. 
A  hole  for  the  solar  unit  is  cut  below  the 
front  lens.  Two  screws  hold  a  cover  over  the 
side  of  the  case. 

A  sheet  of  1/16-  x  8-  x  9-inch  aluminum 
is  attached  to  the  outside  of  the  case  by  screws 
or  rivets.  Holes  (14  inch)  spaced  at  1-inch 
intervals  are  drilled  at  the  top  and  bottom. 
These  holes  are  helpful  when  positioning  the 
camera  on  a  post  or  tree.  Inside  the  case, 
a  piece  of  plywood  (1/2  x  1-1/2x3-1/2  inches) 
is  glued  to  the  side.  The  camera  is  held 
against  the  plywood  by  a  No.  12-20  x  1/4-inch 
screw  going  through  the  top  of  the  case  into 
a  light  socket  on  top  of  the  camera. 


F  ure  1 .— Time-iapse  camera  in  an  aluminum  case. 


Figure  2.— Camera  case  constructed  from  aluminum  box. 


Holes  for  banana  plug  receptacles  are  drilled 
near  the  back  of  the  case.  Locations  of  the 
timer  and  control  panel  are  not  critical.  Screw 
holes  for  locating  these  parts  can  be  drilled 
after  the  camera  has  been  positioned  inside. 

The  aluminum  box  with  a  tight-fitting  side 
cover  makes  a  good  weatherproof  container. 
An  alternative  is  to  use  plywood  and  coat  it 
with  epoxy  resin.  A  piece  of  1/2-  x  20-  x  20- 
inch  plywood  contains  enough  material  to  con- 
struct the  case.  Table  1  lists  parts  for  the 
camera  and  case. 


Electronic  Timer 

The  electronic  timer  is  constructed  on  a 
fiberglass  board  or  printed  circuit.  Holes  are 
drilled  in  the  board  so  wire  leads  from  the 
components  can  be  connected  on  the  underside 
according  to  the  schematic  (fig.  3).  Components 
(table  2)  are  identified  and  located  on  the  board 
as  shown  in  figure  4  (gray  lines  show  the 
actual  connections). 


There  are  five  sets  of  connections  leading 
from  the  timer:  the  power  source,  solenoid, 
reset,  voltage  control,  and  photo  cell.  All 
wire  connections  should  be  stranded  No.  22' 
wire.  A  button  switch  and  variable  resistor 
(R25)  are  mounted  on  a  control  panel  and 
located  near  the  front  of  the  case  (fig.  1). 
Wires  from  the  button  switch  connect  to  the 
reset  points.  The  variable  resistor  connects 
to  the  points  labeled  R?5  on  the  layout. 

Two  wires,  one  red  (positive)  and  one 
black  (negative)  lead  from  the  timer  to  two 
banana  plug  receptacles  at  the  rear  of  the  case. 
Receptacles  also  should  be  red  and  black.  Sole- 
noid wires  from  the  timer  have  female  connec- 
tions that  fit  the  flat  terminals  of  the  solenoid. 
Camera  and  photocell  connections  are  identified 
on  the  layout  and  schematic. 

Care  must  be  taken  to  insure  the  positive 
(red)  wire  from  the  camera  is  connected  to 
the  positive  banana  plug  receptacle.  It  is  help- 
ful if  the  pairs  of  connections  from  the  timer 
to  the  photo  cell,  reset  button,  and  R  25  are 
color  coded. 


Table  1.— Parts  list  for  camera  and  case 


Description 


No. 
Needed 


Approximate 
Cost 


Camera,  Super  8-mm,  Vivitar  Model  83 

Aluminum  box  (Zero  No.  Z96-144-80) 

Al.  cover  (Zero  No.  Z96-144-COT-1/2) 

Screws,  No.  8-32  x  1/4 

Screw,  No.  12-20  x  1/4 

Nuts,  No.  8-32 

Aluminum  sheet,  1/16"  x  8"  x  9" 

Aluminum  sheet,  1/16"  x  1"  x  1-1/2" 

Lens,  glass  or  plastic  2-3/4"  dia.  (minimum) 

Lens,  glass  or  plastic  1-1/2"  dia.  (minimum) 

Plywood,  1/2"  x  1-1/2"  x  3" 

Cork,  1/8"  x  1/2"  dia. 

Solenoid,  Dormeyer  B24-255-A1 

Cable,  2  conductor  (red  &  black),  stranded  No.  22 

Welding  rod,  1/16"  x  3" 

Receptacles,  banana  plug 

Jacks,  banana  plug 

Cartridge  case,  ammo,  50  mm  (surplus) 

Spray  paint,  epoxy  (Sears) 

Conductor,  quick  disconnect  (push-on  type,  female) 


1 

100.00 

1 

6.95 

1 

2.95 

16 

.48 

1 

.04 

6 

.18 

1 

.50 

1 

— 

1 

.30 

1 

.15 

1 

— 

1 

— 

1 

4.25 

10  ft. 

1.25 

1 

— 

4 

1.00 

4 

1.00 

1 

1.50 

1 

1.50 

2 

.10 

TOTAL 


$122.15 


The  timer  is  mounted  inside  the  case  near 
|  the  front  of  the  camera  on  four  1/2-inch 
spacers.  As  a  precaution  against  moisture,  the 
timer  can  be  sealed  in  potting  compound  or 
sprayed  with  plastic. 


Photo  Cell 


Day  operation   of  the  camera  is  controlled 

y    a    photoelectric    cell    mounted    below   the 

camera    lens    and  connected  to  the  timer  by 

vire  leads.     The  cell  is  inserted  in  a  holder 

>ehind  a  clear  lens  with  a  frosted  back.     A 

>ayonet  base  for  the  photo  cell  is  made  from 

i  T-l,  3  4  midget  lamp.     Glass  is  broken  from 

he    lamp  and  resin  cleaned  from  inside  the 

ase.      The  cell  is  soldered  to  the  base  at  the 

ame  points  as  was  the  lamp  filament.    Leads 

f  the  cell  soldered  to  the  base  must  be  long 

nough  so  the  cell  just  touches  the  glass  of 

he    cover    lens.      Parts  for  the  photoelectric 

nit  are  listed  in  table  2. 


amera  Modification 

The  Vivitar  camera  is  modified  to  fit  inside 

e   aluminum    case    by    removing    the  pistol 

ip  handle.     Two  screws  hold  the  handle  to 

e    camera    base.       When    these    screws  are 

imoved,  the  handle  can  be  pulled  from  the 

imera  and  the  connecting  wires  exposed. 

The    three    wires   (red,  black,  and  white) 

the    handle    should    be    disconnected    and 

ldered  to  6-inch  leads  so  they  may  be  con- 

cted   to    the    power  source.      Both  the  red 

d  white  wires  are  positive  and  can  be  con- 

;cted  to  one  red  wire.    The  white  wire  pro- 

es  power  to  the  automatic  "f"  step.   On  new 

odels  this  wire  may  not  be  present. 


lenoid  Modification  for 
gle-Frame  Release 

A  Dormeyer  No.  B24-255A1  solenoid  is  modi- 
Td  for  use  as  the  activator  of  the  single- 
fi.me  release.  The  flat  end  of  the  plunger 
iicut  off  at  the  end  of  the  slot  (fig.  5).  The 
sarp  end  of  the  plunger  also  is  cut  off  about 
l,i  inch  so  that  it  can  be  drilled  for  insertion 
o  a  plunger  pin.  The  end  of  the  solenoid 
alo  must  be  drilled  with  a  hole  large  enough 
tc  allow  passage  of  the  pin.  An  easy  way  to 
dill  the  solenoid  and  plunger  for  a  good  fit 
is  to  drill  them  both  at  the  same  time  in  a 
vie. 


The  plunger,  after  the  ends  have  been  cut 
off,  is  inserted  in  the  solenoid  and  clamped 
in  a  vise  so  the  plunger  does  not  move.  A 
hole  is  then  drilled  through  the  nubbin  at 
the  end  of  the  solenoid  and  1/4  inch  into 
the  plunger.  A  1-5/16-inch  pin  is  cut  from 
1/16-inch  brass  welding  rod  or  a  nail,  and  is 
soldered  in  the  hole  in  the  plunger. 

The  single-frame  release  receptacle  on  the 
side  of  the  camera  is  removed  and  soldered 
over  the  nubbin  at  the  end  of  the  solenoid. 
The  hole  in  the  receptacle  will  have  to  be 
enlarged  to  allow  the  plunger  pin  to  pass. 
Since  the  receptacle  is  plated  brass,  the  plate 
material  must  be  filed  or  sanded  off  before 
soldering  to  the  solenoid. 

The  plunger  must  move  freely  in  the  sole- 
noid so  the  pin  can  contact  the  single-frame 
release  inside  the  camera.  If  the  pin  rubs 
against  the  sides  of  the  solenoid  the  hole  can 
be  drilled  larger.  With  the  plunger  all  the 
way  in  the  solenoid,  the  pin  should  stick  out 
about  3/8  inch.  This  is  a  little  longer  than 
necessary,  to  allow  for  some  adjustment. 

The  plunger  is  held  inside  the  solenoid 
by  a  "stop"  made  from  aluminum  (1/16  x 
1  x  1-1/2  inches)  bent  to  an  "L"  shape.  A 
piece  of  cork  is  glued  to  the  end  of  the  plunger 
to  reduce  noise.  Two  holes  are  drilled  on  the 
side  of  the  solenoid  for  No.  8-32  screws  to  hold 
the  stop  in  place.  Screw  holes  in  the  alumi- 
num stop  are  made  oblong  to  allow  for  adjust- 
ment of  the  plunger. 


Solenoid  Adjustment 

The  camera  is  activated  by  connecting  the 
leads  to  a  6-volt  power  source.  The  solenoid 
is  screwed  into  the  single-frame  release  hole 
on  the  side  of  the  camera.  The  plunger  is 
slowly  pushed  until  a  single  frame  is  released. 
This  should  happen  when  the  plunger  is  almost 
at  the  end  of  its  travel.  If  a  frame  is  released 
before  the  plunger  is  more  than  1/16  inch 
from  the  end  of  the  solenoid,  the  pin  is  too 
long.  Adjustment  is  made  by  filing  the  pin. 
For  smooth  operation  the  pin  should  be  sanded 
round  at  the  end. 

The  camera  stop  is  positioned  against  the 
plunger  when  the  pin  is  just  touching  the 
single-frame  release.  It  is  important  the  stop 
does  not  hold  the  plunger  too  far  into  the 
solenoid.  The  plunger  is  slowly  pushed  until 
a  "buzz"  or  slight  click  is  heard.  A  noise 
indicates  electrical  contact  has  been  made  and 
the  camera  is  drawing  current.    When  contact 
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Figure  3.— Schematic  for  constructing  electronic  timer. 
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Figure  4.  — Location  of  components  and  electrical  connections. 


Table  2.— Parts  list  for  electronic  timer 


Description 


No. 

Approximate 

Needed 

Cost 

1 

$3.19 

2 

.18 

1 

.is 

3 

.27 

1 

.09 

3 

.27 

1 

.09 

1 

.09 

1 

.09 

1 

.09 

1 

.(1!) 

1 

.09 

1 

.09 

1 

.09 

1 

.09 

1 

(19 

1 

.09 

1 

.09 

1 

.09 

RESISTORS 

R-l  10K  variable  (Bourns  271-1-103)  .5  watt 

R-2,7  27K,  1/4  watt.  5% 

R-3  10  meg,  1  watt,  5% 

R-4, 14,23  10K,  1/4  watt,  5% 

R-5  100  ohm,  1/4  watt,  5% 

R-6,13,17  3.3K,  1/4  watt,  5% 

R-8  100K,  1/4  watt,  5% 

R-9  220K,  1/4  watt,  5% 

R-10  820K,  1/4  watt,  5  V 

R-ll  56K,  1/4  watt,  5% 

R-12  39K,  1/4  watt,  5% 

R-15  680  ohm,  1/4  watt,  5% 

R-16  270  ohm,  1/4  watt,  5% 

R-18  9. IK,  1/4  watt,  5% 

R-19  240  ohm,  1/4  watt,  5% 

R-20  3.9K,  1/4  watt,  5% 

R-21  5.6K,  1/4  watt,  5% 

R-22  5. IK,  1/4  watt,  5% 

R-24  6.2K,  1/4  watt,  5% 

R-25  500  ohm,  variable,  wire  wound, 
miniature  12.5  watt 


CAPACITORS 


C-l 

C-2,3 
C-4,5 

DIODES 

CR-1 
CR-2,3 


1000  mfd,  15  vdc,  electrolytic 

(Sprague  TVA  1163)  ' 
5  mfd,  50  vdc,  mylar  (EEC  B42  A  505K; 
.1  mfd,  25  vdc,  monolithic,  ceramic 
±  10",,,  Erie  red  cap 

1N649 
1N914 


TRANSISTORS 

Q-1,5,7,11  2N5087,  Motorola 
Q-2,3,4,8  2N5089,  Motorola 
Q-6,12  2N4403,  Motorola 

Q-9,10  2N2222,  Motorola 

Q-13  2N3055,  Motorola 

PHOTO  UNIT 

Light,  indicator  with  clear  lens, 

non  dimming  Dialco  No.  111-3830 
Lamp,  T  1-3/4,  GE  No.  328 
Photo  cell,  cds  Clairex  907  HL 

MISCELLANEOUS 

Spacers,  brass  1/2"  (No.  8-32) 
Wire,  stranded  No.  22 
Switch,  button  (SPST) 


1 
1 
1 

4 

6  feet 

1 


4.80 


1.38 
5.20 

1.80 


$3.25 
.69 


3.24 
3.92 
1.50 
2.10 

1.82 


2.15 

.71 

1.50 

.20 
.24 

„S7 


TOTAL 


$40.72 


Certain  uses  of  time-lapse  photography  will 
require  a  known  time  for  individual  frames. 
The  easiest  method  is  to  place  a  clock  in  the 
lens  field  so  its  image  will  appear  in  the  corner 
of  a  frame. 


Hints  for  Good  Results 

The  time-lapse  camera  should  work  properly 
if  constructed  without  major  change.  Many 
combinations  of  solenoids,  trip  mechanisms, 
and  timers  were  tested  before  arriving  at  a 
final  design.  The  most  difficult  task  in  getting 
the  camera  to  operate  properly  is  in  adjusting 
the  solenoid.  Before  data  are  collected  for 
research  purposes,  the  unit  should  be  allowed 
to  operate  continuously  for  several  days. 

Sometimes  scratches  or  a  slight  "nick" 
in  the  solenoid  plunger  will  cause  a  malfunction. 
It  should  be  rubbed  with  a  very  fine  emory 
cloth  and  then  coated  with  graphite,  teflon, 
or  silicon  lubricant.  A  malfunction  can  occur 
with  the  single-frame  release  inside  the  camera. 
In  such  cases  the  camera  should  be  sent  back 
to  the  factory  for  repair.  It  is  wise  to  check 
a  new  camera  completely  so  malfunctions  can 
be  corrected  under  warranty.  Once  the  camera 
is  modified,  most  companies  will  not  honor 
the  guarantee  and  will  charge  for  repair. 

When  operating  the  camera  in  the  field 
it  should  be  placed  on  an  immovable  post  or 
tree.  The  shutter  speed  is  low  (1,30  second), 
and  any  movement  will  cause  an  image  blur 
when  the  single-frame  release  is  used. 

Moisture  inside  the  camera  could  be  a 
problem  at  certain  times  of  the  year.  Fogging 
of  the  lens  does  occur  and  small  bags  of 
desiccant  will  help  to  prevent  moisture  from 
accumulating. 

Amount  of  film  exposed  is  shown  by  an 
indicator  on  the  side  of  the  camera.  Footage 
must  be  read  before  removing  film  from  the 
camera.  When  the  film  case  is  removed  the 
indicator  automatically  returns  to  zero.  To 
check  the  footage  in  the  field,  the  camera 
has  to  be  removed  from  its  case.  An  alterna- 
tive is  to  include  a  view  window  in  the  case 
during  construction. 

Since  the  solenoid  must  be  removed  each 
time  the  film  is  changed,  it  is  best  not  to  twist 
the  solenoid  too  tight.  The  solenoid  should 
be  tightened  only  for  a  snug  fit. 

There  are  several  additional  features  of 
this  particular  time-lapse  unit  that  can  be  of 
use  to  the  researcher.  Time  intervals  from 
1/2  second  to  2-1/2  minutes  are  possible  by 
making   a    direct  connection  across   the  reset 
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button  and  adjusting  the  turns  on  R  1  to  ob- 
tain the  desired  interval. 

Another  useful  feature  is  exposure  of  more 
than  one  frame  in  short  bursts.  This  is  accom- 
plished without  the  use  of  the  solenoid.  The 
positive  wire  from  the  camera  is  connected 
to  the  positive  wire  going  to  the  solenoid  from 
the  emitter  of  Q  13.  After  this  is  done  the 
camera  trigger  is  pulled  back  and  locked  in 
the  "on"  position.  The  number  of  frames 
per  "burst"  is  approximately  12. 

Noise  from  activating  the  solenoid  can  be 
reduced  by  placing  styrofoam  inside  the  alumi- 
num case.  With  some  cutting  the  same  styro- 
foam that  came  with  the  camera  can  be  used 
effectively. 


Component  Suppliers 

Most  of  the  parts  listed  in  tables  1  and  2 
can  be  purchased  from  local  stores  or  obtained 
from  surplus  equipment.  Listed  below  are 
addresses  of  some  companies  that  have  com- 
ponents for  the  time-lapse  unit. 

Electronic  components: 

Allied  Electronics 
100  N.  Western  Av. 
Chicago,  111.  60680 

Newark  Electronics  Corp. 
500  N.  Pulaski  Rd 
Chicago,  111.  60624 

Lafayette  Radio  Electronics 
111  Jerico  Turnpike 
Syosett,  L.  I. 
New  York,  N.  Y.  11791 

Aluminum  boxes: 

Zero  Manufacturing  Co. 
1121  Chestnut  St. 
Burbank,  Calif.  91503 

Capacitors  EEC  B42A505K 

Engineered  Components  Co. 
2134  West  Rosencrans  Av. 
Gardena,  Calif.  90249 

Total  cost  of  parts,  including  camera,  is approx 
mately  $165.  Other  cameras  with  a  single 
frame  release  can  be  used  and  may  be  mor 
desirable  depending  on  individual  needs.  Price 
of  different  makes  of  cameras  will  vary  froi 
$100  to  $150. 
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Abstract 

Recommendations  are  provided  to  aid  the  forest  manager  in 
regenerating  Engelmann  spruce  by  planting  in  the  central  and 
southern  Rocky  Mountains.  Reforestation  operations  covered 
include  storage,  transportation,  microsite  selection,  site  prepara- 
tion, planting,  plantation  protection,  and  recordkeeping.  The 
physiological  and  silvicultural  requirements  of  spruces  are  dis- 
cussed with  respect  to  the  harsh  environment  of  the  spruce-fir 
zone  so  that  planting  principles  can  be  better  understood. 

Keywords:     Picea  engelmannii,  planting,   artificial  regeneration. 


ABOUT  THE  COVER: 

High-elevation  burn  on  the  eastern  approach  of  Vail 
Pass  in  central  Colorado.  The  spruce-fir  forest  covering 
the  area  was  destroyed  by  fire  near  the  turn  of  the 
century,  but  natural  regeneration  is  establishing  slowly. 
Planting  may  be  necessary  to  shorten  the  reforestation 
period  on  such  areas,  particularly  where  seed-producing 
trees  are  sparse  or  absent. 
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For  convenient  field  use,  the  planting  practices  and  recom- 
mendations in  this  Research  Paper  have  been  published  separately 
in  a  smaller  format  (5Vfe  by  8y2  inches)  as  USDA  Forest  Service 
Research  Paper  RM-89A,  *  'Planting  Engelmann  Spruce— A  Field 
Guide."  Copies  of  RM-89A  are  available  from  the  Rocky  Mountain 
Forest  and  Range  Experiment  Station,  240  West  Prospect  Street, 
Fort  Collins,  Colorado  80521. 


Planting  Engelmann  Spruce 


Frank    Ronco 


This  guide  was  prepared  to  provide  the 
li  manager  with  the  basic  principles  of  plant- 
I  Engelmann  spruce  (Picea  engelmannii 
ary)  in  the  central  and  southern  Rocky  Moun- 
is.  Research  results  are  summarized,  and 
itphysiological  and  silvicultural  requirements 

spruces  are  discussed  with  respect  to  the 
liih  environment  where  they  grow  so  that 
ating  principles  can  be  better  understood. 

Reforestation  is  essentially  a  series  of  events 
i  starts  with  sowing  in  the  nursery  and  ends 
hn  planted  seedlings  become  established, 
ilrim  operations  include  cultivation,  lifting, 
oige,  transportation,  site  preparation,  plant- 
g:  and  protection  of  the  plantation.  Thus,  a 
igneration  project  is  successful  only  to  the 
ctnt  that  each  operation  accomplishes  a  com- 
o  objective  which,  simply  stated,  is  to  keep 
as  in  a  vigorous  condition.  Survival  can  be 
oardized  if  any  operation  does  not  maintain 
telnecessary  conditions  required  for  healthy 
;elings. 

Although  optimum  conditions  for  each  oper- 
:io  may  not  be  fully  known  for  spruces, 
rulgh  information  is  available  to  outline  pro- 
idres  that  should  increase  the  probability 
f  uccessful  plantations.  This  guide  sum- 
lazes  specific  research  on  spruce,  practices 
eronstrated  and  proven  successful  in  other 
igms  (Limstrom  1963,  Schubert  et  al.  1970, 
/aeley  1954),  and  observation  and  experience. 

Physiological    and 
Silvicultural  Requirements 

igl: 

Examination  of  Engelmann  spruce  planta- 
on  established  on  National  Forests  as  early 
3  le  1910's  led  Korstian  and  Baker  (1925) 
)  cnclude  that  denuded  areas  in  the  spruce- 
r  one  could  be  successfully  reforested  if 
jecings  were  protected  by  "down  logs,  stumps, 
rid  pen  brush."  Recent  studies  (Ronco  1970a) 
iced  that  such  protection  is  necessary  be- 
iu«  spruce  seedlings  are  injured  by  high 
gh  intensities— a  phenomenon  known  as  solar- 
atin— and  generally  survive  poorly  when  ex- 
ose,  to  full  sunlight  for  prolonged  periods, 
hlcotic  (yellow-colored)  foliage  is  the  most 
3mion  visible  evidence  of  light  injury  toseed- 
ngjplanted  in  the  open. 


Light  injury  has  often  been  observed  in 
many  other  shade-adapted  or  tolerant  species, 
and  appears  to  be  related  to  the  photosynthetic 
behavior  of  such  plants.  Shade  plants,  including 
spruces,  have  lower  maximum  photosynthetic 
rates  and  their  photosynthetic  mechanisms  be- 
come light  saturated  at  lower  intensities  than 
sun  plants  (intolerant  species).  Furthermore, 
they  become  increasingly  susceptible  to  solar- 
ization  the  higher  the  light  intensity  increases 
above  the  saturation  point.  Open-grown  spruce 
seedlings  are  particularly  vulnerable  since  they 
are  exposed  to  light  intensities  that  are  three 
to  four  times  greater  than  those  at  saturation 
during  most  of  the  day. 

The  occurrence  of  solarization  does  not 
depend  solely  on  the  intensity  of  light.  Dura- 
tion of  exposure  is  critical,  and  other  factors, 
including  high  leaf  temperatures  and  plant 
water  stresses,  may  trigger  the  phenomenon. 
Thus,  while  light  injury  can  be  avoided  simply 
by  shading  seedlings,  the  interrelationship  of 
causal  factors  complicates  prevention  measures 
when  all-day  shade  is  now  available.  Shade 
during  the  hottest  part  of  the  day  benefits 
planted  spruce  seedlings,  even  though  they 
are  exposed  to  full  sunlight  during  morning 
and  evening  hours  (Ronco  1961,  1970b).  Mid- 
day and  afternoon  shade  are  necessary,  probably 
because  seedlings  are  subjected  to  higher  tem- 
peratures and  water  stresses  during  these 
periods. 

Water 

The  internal  water  balance  of  seedlings 
is  probably  of  greater  importance  for  growth 
and  survival  than  any  other  plant-factor  relation- 
ship. Water  deficits  alter  the  chemical  com- 
position of  seedlings  and  decrease  the  rate  of 
their  physiological  functions  (Kramer  and 
Kozlowski  1960).  Deficits  are  created  whenever 
water  loss  from  transpiration  exceeds  water 
uptake  by  roots.  Thus,  water  stresses  may 
result  from  (1)  lack  of  precipitation  (drought); 
(2)  high  transpiration  rates;  or  (3)  reduced 
water  uptake  caused  by  cold  soils,  poor  root 
conditions,  or  low  moisture-holding  capacity  of 
soils. 

Newly  planted  seedlings  are  most  likely  sub- 
jected to  some  water  stress,  but  laboratory 
and  field   studies   suggest   that  dehydration  is 


not  the  major  cause  of  mortality  observed  in 
spruce  plantations  (Ronco  1970a).  Water  deficits 
in  seedlings  probably  arise  from  the  combined 
effects  of  transpiration  and  reduced  water  uptake 
rather  than  drought,  since  precipitation  in  the 
spruce-fir  zone  is  generally  adequate  for  seedling 
survival.  For  example,  soil-moisture  measure- 
ments in  plantations  on  the  White  River  Plateau 
in  western  Colorado  during  a  particularly  dry 
summer  showed  that  moisture  at  root-zone 
depth  was  at  or  near  field  capacity  throughout 
the  summer  and  early  fall.  On  the  other  hand, 
root  initiation  and  elongation  in  newly  planted 
seedlings  is  retarded  due  to  low  soil  tempera- 
tures. Thus,  normal  transpiration  losses  coupled 
with  slow  root  development  may  create  water 
deficits  in  planted  seedlings  until  roots  become 
established. 

More  favorable  water  balances  in  seedlings 
can  be  obtained  by  using  protective  cover  to 
reduce  transpiration  rates,  which  might  other- 
wise be  accelerated  by  exposing  foliage  to  wind, 
or  the  heating  effect  of  direct  sunlight  on 
needles.  Little  control  can  be  exerted  over 
those  factors  relating  to  water  uptake,  except 
to  discard  seedlings  with  spindly  root  systems. 
Similarly,  precipitation  is  not  controllable,  but 
the  amount  of  moisture  available  for  seedling 
use  can  be  increased  by  avoiding  soil  conditions 
that  decrease  water  storage  capacity  (excessively 
rocky  areas)  or  create  a  heavy  drain  on  stored 
water  (heavily  sodded  areas). 

Temperature 

Engelmann  spruce  is  adapted  to  a  cool 
environment,  but  new  growth  is  still  very 
sensitive  to  freezing  temperatures,  which  com- 
monly occur  several  nights  during  any  growing 
season.  All  new  growth  on  mature  trees  and 
seedlings— either  natural  or  planted— is  fre- 
quently killed  when  air  temperatures  are  below 
freezing  and  heat  loss  from  foliage  is  increased 
because  of  radiation  to  the  clear  nighttime 
sky  (Ronco  1967).  Both  the  severity  and  fre- 
quency of  frost  injury  can  be  lessened,  how- 
ever, by  reducing  such  radiant  heat  loss  from 
seedling  foliage  and  surrounding  soil.  Stumps, 
logs,  slash,  or  a  cover  of  live  vegetation  are 
effective  barriers. 

Daytime  air  temperatures,  which  rarely  ex- 
ceed 75°  F.  in  the  central  Rocky  Mountains, 
are  probably  not  high  enough  to  directly  injure 
planted  seedlings.  However,  elevated  needle 
and  soil-surface  temperatures  resulting  from 
exposure  to  direct  sunlight  increases  water 
lusses  from  both  seedlings  and  soil.  Fortunate- 
ly, the  same  type  of  cover  that  protects  against 
freezing  injury  also  tends  to  reduce  water  losses. 


Planting  Operations 
and  Recommendations 


Planting  Stock 

Korstian  and  Baker  (1925)  recommended 
3-1  or  3-2  stock  (top  height  about  4  to  6  inches 
and  root  length  about  9  to  13  inches)  with  a 
good  balance  between  top  and  root  for  planting 
in  the  Intermountain  Region.  They  did  not 
consider  3-0  stock  suitable,  even  though  of 
acceptable  size,  because  it  lacked  fibrous  root 
development.  Schubert  et  al.  (1970)  suggested 
that  spruce  planting  stock  in  the  Southwest 
should  have  a  stem  caliper  of  0.10  inch  and 
well-developed  tops  and  roots.  No  research 
has  been  conducted  specifically  to  determine  the 
size  of  spruce  seedlings  best  suited  for  planting 
in  the  central  and  southern  Rocky  Mountains. 

Observation  of  plantations  on  the  White 
River  National  Forest,  involving  different  age 
classes  and  sizes  of  stock  over  several  years, 
suggested  there  may  be  some  advantage  to 
planting  the  larger  seedlings  from  ungraded 
nursery  stock.  However,  the  studies  also  in- 
dicated that  shading  and  good  planting  prac- 
tices were  more  important  than  seedling  size 
alone. 

Spruce  seedlings  grown  in  the  nursery, 
particularly  from  Colorado  and  Wyoming  seed 
sources,  have  consistently  varied  widely  in 
growth  behavior;  seedlings  in  individual  beds 
may  vary  in  height  by  several  hundred  percent. 
The  smaller  seedlings,  while  apparently  healthy, 
appear  to  have  slow,  genetically  controlled 
growth  rates,  which  probably  affect  their  ability 
to  become  quickly  established  when  outplanted. 

Grading  should  include  provisions  to  cull 
the  obviously  small  seedlings,  as  well  as  those 
that  are  too  large  to  handle  and  plant  prac- 
tically. The  guidelines  below  are  based  on 
limited  experience  in  the  Rocky  Mountain 
Region,  U.  S.  Forest  Service;  local  conditions 
and  experience  may  allow  modification. 


Recommendations: 

1.  Tops  should  not  be  shorter  than  3  to  4  inches;  they 
should  be  well  developed  with  not  less  than  two  to 
three  branches. 

2.  Roots  should  not  be  shorter  than  5  to  6  inches;  they 
should  be  compact,  fibrous,  and  well  developed  with     '<( 
several  lateral  roots. 

3.  Tops  and  roots  should  be  well  balanced  (low  shoot/ 
root  ratio).  "^ 


Planting  Season 

The  time  of  year  when  seedlings  are  planted 
nfluences  the  success  of  plantations,  particu- 
larly under  short  growing  seasons  and  difficult 
tnvironmental  conditions.  The  probability  of  a 
uccessful  spruce  plantation  is  greatest  when 
eedlings    are    planted    in    the    spring.      Soil 
noisture  following  snowmelt  is  maximum  and 
Iveather  conditions  are  favorable.  Furthermore, 
seedlings  have  the  benefit  of  an  entire  growing 
season  to  develop  and  overcome  the  shock  of 
planting.    To  be  most  advantageous,  however, 
eedlings  should  be  planted  in  spring  immediate- 
y  after  snowmelt;  delay  should  be  only  long 
nough  for  free  water  to  drain  from  the  soil  so 
hat  it  can  be  properly  packed  around  seedling 
oots.     In  many  instances,  roads  will  have  to 
e  cleared  of  snowdrifts  to  make  most  efficient 
se  of  the  short  planting  season,  and  to  plant 
nder  optimum  soil-moisture  conditions. 

Spring  plantings  should  be  organized  to 
ike  advantage  of  the  conditions  afforded  by 
spect.  Plant  southwest-  and  south-facing  slopes 
irst;  east  and  north  slopes  last.  In  addition  to 
jicilitating  access  to  planting  areas,  such  sched- 
ling  will  tend  to  lengthen  the  planting  season 
y  extending  the  period  over  which  soil-moisture 
<|)nditions  are  more  favorable. 

Local  experience  and  judgment  will  be 
ijeded  to  determine  when  planting  should  be 
trminated  in  the  spring,  or  temporarily  sus- 
jmded  because  of  unfavorable  planting  condi- 
tms.  The  planting  season  in  the  spruce-fir 
2ne  normally  extends  from  about  May  25  to 
ane  25.  In  years  of  late  snowmelt,  however, 
te  season  may  be  extended  somewhat,  but  no 
sjedlings  should  be  planted  after  July  10  or 
tey  will  not  have  sufficient  time  to  harden  off. 
lie  length  of  the  planting  season  depends  pri- 
rurily  on  available  soil  moisture,  butunseason- 
aly  high  temperatures  would  also  be  sufficient 
rison  for  terminating  planting  because  of  the 
averse  effect  on  transpiration.  Similarly,  plant- 
ii,»  may  be  temporarily  halted  during  the  regular 
pinting  season  because  of  unseasonably  warm 
Unperatures,  especially  if  they  are  forecast 
f(  several  consecutive  days. 

Summer  and  fall  planting  are  not  recom- 
ir  nded  in  the  spruce-fir  zone  for  several  reasons. 
Fjst,  good  stock  would  not  available.  Seedlings 
lied  in  the  spring  and  stored  for  summer 
pinting  would  be  subjected  to  the  adverse 
elects  of  prolonged  storage,  whereas  nursery 
stpk  lifted  in  early  fall  before  the  seedlings 
ai  fully  dormant  would  be  in  poor  physiological 
addition.  Second,  by  the  time  nursery  seedlings 
ca  be  safely  lifted  in  late  October  or  Novem- 


ber, the  high-elevation  sites  are  generally  in- 
accessible. Third,  in  those  instances  where 
good  weather  does  permit  fall  planting,  it  also 
makes  success  less  certain.  Without  a  pro- 
tective cover  of  snow,  seedlings  may  be  desic- 
cated (winterkilled)  because  of  an  imbalance 
between  transpiration  and  water  uptake.  Fur- 
thermore, cold  soil  at  this  time  of  year  retards 
or  even  prevents  root  growth,  and  seedlings 
do  not  have  the  benefit  of  a  well-developed 
root  system  to  reduce  the  possibility  of  winter- 
kill. Finally,  seedlings  will  break  dormancy 
if  planted  before  temperatures  and  photoperiods 
prevent  growth,  but  they  are  subjected  to  freez- 
ing fall  temperatures  nearly  every  night  before 
shoots  can  fully  develop— normally  about  7  to 
8  weeks.  Subsequent  frost  injury  to  the  new 
growth  substantially  increases  mortality,  and 
growth  of  surviving  seedlings  is  lessened  the 
following  spring. 

Recommendations: 

1 .  Planting  should  be  completed  before  June  25. 
Do  not  extend  planting  season  beyond  July  10. 

2.  Plant  southwest-  and  south-facing  slopes  first;  east 
and  north  slopes  last. 

3.  Terminate  spring  planting  when  soil  moisture  becomes 
depleted,    or    temperatures   are    unseasonably    high. 

4.  Temporarily  suspend  planting  during  the  regular 
season  if  temperatures  are  unseasonably  warm,  par- 
ticularly on  clear  days  with  dry  winds. 


Storage  Principles 

Nearly  all  planting  operations  in  the  Rocky 
Mountains  require  seedlings  to  be  lifted  from 
the  nursery  while  they  are  still  dormant,  and 
stored  until  planting  areas  are  free  of  snow. 
Dormancy  must  not  only  be  maintained  during 
storage,  but  transpiration  and  respiration  also 
must  be  curtailed  to  prevent  water  stress  and 
excessive  loss  of  stored  food  reserves.  These 
latter  objectives  are  particularly  important  be- 
cause first  growth  after  planting  depends  mostly 
on  stored  food  reserves,  and  water  deficits  alter 
the  chemical  composition  and  physiological 
functions  of  seedlings. 

Seedlings  should  be  treated  as  dormant 
plants,  not  only  while  stored  at  the  nursery, 
but  also  during  transit  and  periods  of  local 
storage.  Optimum  storage  conditions— tempera- 
ture between  34°  and  36°  F.  and  relative 
humidity  over  90  percent— may  not  be  readily 
attained  outside  the  nursery,  but  for  periods 
of  1  week  or  less,  temperatures  around  40°  F. 
and  humidities  near  50  percent  can  be  tolerated. 


Moldingis  a  major  problemduringextended 
storage  of  seedlings  in  nurseries  (Hocking  and 
Nyland  1971),  but  it  is  not  likely  to  be  a  threat 
during  short  storage  periods  encountered  in  the 
field.  Factors  involved  in  molding  include 
high  relative  humidities,  free  water  on  foliage, 
high  storage  temperatures,  duration  of  storage, 
species  susceptibility,  and  the  presence  of  inocu- 
lum in  soil  adhering  to  foliage  or  packing 
materials. 

Extended  storage.— Adequate  facilities  are  avail- 
able at  the  nursery  for  storage  extending  over 
several  weeks  or  a  few  months.  Even  though 
low  temperatures  depress  physiological  activi- 
ties, respiratory  losses  of  food  reserves  in 
spruce  seedlings  may  still  be  high  enough  after 
long  storage  to  reduce  survival.  2 


Recommendations: 

1.  Spruce  seedlings  should  not  be  stored  over  3  months. 

2.  Extended  storage  should  not  be  attempted  locally 
since  adequate  facilities  and  trained  personnel  are 
not  readily  available. 


Transit  storage.— Methods  of  transporting 
stock  will  depend  on  ambient  air  temperatures 
and  hauling  distance.  Long-distance  transport 
under  warm  to  hot  temperatures  will  require 
controlled-temperature  refrigeration  units  or  in- 
sulated containers  which  can  be  held  under 
40°  F.  with  ice.  For  short  trips  up  to  a  few 
hours'  duration,  when  air  temperatures  are 
cool  to  moderate,  seedlings  can  be  transported 
most  conveniently  in  trucks  with  enclosed  beds. 

If  open-bed  trucks  are  used  and  seedlings 
are  packaged  in  bundles,  care  must  be  exercised 
to  prevent  seedlings  from  drying.  Cover  the 
bundles  with  a  tarpaulin  that  allows  air  to 
circulate  over  seedlings,  but  block  high-speed, 
turbulent  air  flows  created  by  moving  vehicles. 
Use  only  canvas  covers,  since  plastic  materials 
transmit  and  trap  solar  heat.  Covers  should 
also  be  tied  securely  so  that  seedlings  are  not 
mechanically  injured  by  flapping  covers  during 
high-speed  travel. 

Seedlings  packed  in  sealed  bags  (polyethyl- 
ene or  polyethylene-lined  paper)  will  not 
be  dehydrated  by  air  movement  during  transit 
in  open-bed  trucks,  but  cover  will  still  be 
needed.     Unless  sealed  bags  are  shaded  from 

2Ronco,  Frank.  Food  reserves  of  Engelmann  spruce 
planting  stock.  (Manuscript  in  preparation  at  Rocky  Mt. 
For.  and  Range  Exp.  Stn.) 


direct  sunlight,  temperatures  inside  may  rea 
levels    that    are    injurious    or    even    lethal 
seedling  tissue.   Even  if  the  higher  temperatui 
are  not  directly  harmful,  they  may  foster  grow 
of  molds. 

Temperatures  around  packaged  seedlir 
transported  in  enclosed  or  tarpaulin-cover 
truck  beds  can  usually  be  kept  low  enou 
by  including  block  ice  and  wetting  the  coa 
before  leaving  the  nursery.  Travel  can 
restricted  to  nighttime  hours  if  daytime 
temperatures  are  too  high. 


Recommendations: 

1.  Maintain  temperature  of  seedlings  between 34°-4( 
during  transit. 

2.  Cover    bundles    or   bags   carefully   with    canvas 
paulins— Do  not  use  plastic— when  seedlings  aretr< 
ported  in  open  vehicles. 

3.  Be    particularly   careful    to    keep   sealed    bags   ou 
direct  sunlight. 

Local  storage.— Storage  problems  are  m« 
severe  in  the  field,  because  limited  facilit 
on  the  planting  site  make  temperature  cont 
more  difficult.  Consequently,  the  maxim* 
number  of  trees  in  storage  should  be  limi 
to  a  1-week  supply.  Well-insulated  stori' 
sheds  that  can  be  cooled  by  ice  or  snow  sho 
be  used  in  the  absence  of  mechanical  refrigt 
tion  (see  appendix).  If  such  facilities  are 
available,  cool,  moist  cellars  or  even  snu 
banks  would  be  suitable  substitutes,  but  sei 
lings  should  be  held  for  shorter  periods  becai 
storage  conditions  will  be  less  favorable. 

Solidified  carbon  dioxide  (Dry  Ice)  is  i 
recommended  for  cooling  storage  rooms  ] 
cause  gaseous  carbon  dioxide  in  high  conoi 
trations  disrupts  the  physiological  processes 
respiration  and  water  transport,  and  may  e« 
be  toxic  to  seedlings  in  extremely  high  a 
centrations.  Furthermore,  humans  may! 
asphyxiated  in  tightly  sealed  storage  rooii 
particularly  if  work  is  performed  near  ffli 
level,  since  the  heavier  carbon  dioxide  set  It 
and  displaces  oxygen. 

Seedlings  must  also  be  protected  agafl 
freezing  while  in  storage  or  transit.  Althoit 
many  conifers,  including  some  species  of  spr '! 
have  been  satisfactorily  stored  at  temperati  il 
below  32°  F.,  such  storage  requires  more  cor  cf 
than  can  be  maintained  under  field  conditi  \] 
Seedlings  that  are  frozen  too  rapidly  or  vti 
they  are  not  fully  dormant  may  be  serio  tfo 
damaged.  G 


Packing  material  around  roots  in  bundled 

js  in  storage  may  require  rewettingoccasion- 

r  to  prevent  seedling  desiccation.    To  deter- 

le  the  need  for  water,  a  small  amount  of 

agnum  moss  can  be  pulled  from  the  bundle 

squeezed    in    the    hand;    if  any  water  is 

5sed  out,  the  material  is  sufficiently  moist. 

t  is  necessary  to  prepare  moss  for  planting 

tainers  or  to  repack  seedlings  from  damaged 

dies,  the  proper  moisture  content  can  be 

ined  by  soaking  moss  overnight  and  then 

ning  for  at  least  a  half  hour. 


mmendations: 

ntain  temperature  between  34°  and  36°  F. 
nit  storage  to  7  days;  where  storage  temperatures 
proach    or     exceed    40°    F.,    then    no    more    than 
ays. 

ice,    snow,    or    mechanical    refrigeration    to   cool 
irage  rooms— do  not  use  Dry  Ice. 
tect  seedlings  against  freezing, 
ange    bundles   or    bags   on    racks    so   that    air  can 
ulate  around  each  package— seedlings  may  over- 
□  t  if  packages  are  stacked. 

e  precautionary   measures  if  mold  should  develop 
Jer  field  storage  conditions: 
ower  temperature  or  shorten  storage  period, 
'rovide  air  circulation  around  foliage, 
(eep  foliage  dry. 

ewet    packing    material    in    bundles    with    a    per- 
orated   tube,    attached    to   water    hose,    that    will 
each  roots.    Drain  excess  water. 
)o    not   water    seedlings    in    sealed    bags.     If  bags 

re  damaged  and  drying  is  evident,   repack  seed- 

ngs  in  open-end  bundles  before  rewatering. 


storage  in  planting  containers.— Field  per- 
il will  be  concerned  with  individual  seed- 
for  the  first  time  as  packaged  seedlings 
;ransf erred    to    bags    or    trays.      Exposed 
ngs  must  be  protected  against  desiccation 
wind  and  sun,  which  would  soon  kill  most 
er  roots  and  seriously  decrease  survival, 
jiequently,  seedlings  should  be  transferred 
seltered  work  areas,  such  as  storage  sheds, 
.t,  erected   at   the   planting   site,   or  clumps 
tees    when    the  size  of  the  job  does  not 
nmt  more  elaborate  facilities. 
■  (are  must  also  be  used  in  separating  inter- 
nd  roots  of  packaged  seedlings  before  they 
flaced   in   individual  containers.     Damage 
.  .|j>e    lessened    if  the  pulling  force  during 
aition  is  parallel  to  the  stems.    For  opti- 
nmoisture  conditions  in  planting  containers, 


spread  seedlings  thinly,  with  roots  in  contact 
with  alternate  layers  of  moist  sphagnum  moss. 
Seedlings  can  then  be  easily  removed  for 
planting. 

Storage  in  bags  or  trays  is  simply  an  ex- 
tension of  storage  begun  in  the  nursery,  and 
is  subject  to  the  same  moisture  and  temperature 
requirements.  Packed  containers  can  be  kept 
for  several  days  under  the  same  conditions 
recommended  for  bundles,  but  time  becomes 
critical  after  containers  are  issued  to  planters. 

Container-held  seedlings  cannot  be  main- 
tained at  favorable  temperatures  for  long  periods 
on  the  planting  sites.  Planters  should  minimize 
the  length  of  time  seedlings  are  kept  in  con- 
tainers and  place  containers  in  any  available 
shade  whenever  possible.  Water  loss  can  be 
more  easily  controlled,  but  depends  largely 
on  proper  supervision,  experience  of  planters, 
and  type  of  container.  Experienced  planters, 
who  understand  the  importance  of  plant-water 
relations,  can  satisfactorily  use  bags  without 
unnecessarily  exposing  roots  of  seedlings  re- 
maining in  the  bag  as  individual  trees  are 
removed.  Some  supervisors  have  found  trays 
better  suited  for  inexperienced  crews  because 
seedlings  are  extracted  more  easily.  Further- 
more, trays  of  seedlings  can  also  be  covered 
with  burlap,  thus  reducing  water  loss  from 
transpiration. 

Seedlings  in  containers  may  become  desic- 
cated if  packing  material  around  roots  becomes 
dry  and  is  not  remoistened  with  water  or  snow 
throughout  the  day.  Free  water  in  containers 
during  this  phase  of  the  operation  is  probably 
not  critical,  since  roots  are  not  inundated  for 
long  periods.  However,  aeration  would  be  better 
if  planters  were  instructed  to  drain  water  as 
it  accumulates. 


Recommendations: 

1.  Do  not  expose  roots  to  sun  and  wind  when  trans- 
ferring seedlings  from  bundles  or  sealed  bags  to 
planting  containers. 

2.  Prevent  undue  breakage  of  roots  when  handling 
seedlings. 

3.  Keep  roots  covered  at  all  times  with  moist  sphagnum 
moss. 

4.  Place  container  in  shade  whenever  possible. 

5.  Suspend  planting  operations  on  clear  days  with  dry 
winds  and  high  temperatures. 

6.  Limit  the  time  seedlings  are  kept  in  containers  on 
the  planting  site  as  suggested  for  atmospheric  con- 
ditions shown  on  the  following   page: 


Container  time  on- 
calm  day*                                   windy  day* 
(Hours) 


High  humidity: 

Cool  (under  55"  F. 
Warm  (55°-70°  F.) 
Hot  (over  70°  F.) 

Low  humidity: 

Cool  (under  55°  F. 
Warm  (55°-70°  F.) 
Hot  (over  70°  F.) 


'On  clear  days,  direct  radiation  will  increase  the 
heat  load  on  containers,  and  shorter  holding  periods 
are  advisable  whenever  practical. 


Spot  Selection 


Suitable  microsites  for  planted  seedlings 
frequently  have  not  been  utilized  because  (1) 
spots  were  not  easily  accessible  due  to  slash 
accumulations,  (2)  planters  were  unaware  of 
the  silvicultural  requirements  of  spruces,  or 
(3)  demands  for  uniform  spacing  were 
unrealistic. 

Most  planters  tend  to  plant  open  areas 
rather  than  suitable  habitats  close  to  stumps 
and  logs  because  less  work  is  involved. 
Branches  and  other  debris  often  hinder  access 
to  spots,  and  once  the  spot  is  reached,  footing 
may  be  insecure  or  space  restrictions  limit 
freedom  to  use  planting  tools  effectively.  Use 
of  suitable  spots  can  be  increased  by  close 
supervision  and  training  programs  that  em- 
phasize the  impact  of  solarization  and  potential 
water  stress  on  spruce  seedlings.  Figures 
1-8  illustrate  effective  use  of  cover  in  an  opera- 
tional plantation,  as  well  as  examples  where 
training  and  supervision  could  be  intensified. 

Protective  cover  is  usually  scattered  un- 
evenly on  spruce  plantation  sites.  Attempts 
to  space  seedlings  uniformly,  even  though  de- 
sirable for  full  stocking,  result  in  many  trees 
being  planted  without  protection.  Planting  in 
the  open  is  usually  wasted  effort  because  of 
the  high  mortality  rate  of  exposed  seedlings. 
Spacing  must  be  determined,  therefore,  by  the 
availability  of  suitable  planting  spots  rather 
than  number  of  seedlings  for  optimum  stocking. 
Consequently,  seedlings  will  be  spaced  irregular- 
ly, and  plantations  will  resemble  natural  stands 


more   closely    in    that    trees 
in  patches  of  variable  size. 

Recommendations: 


will  be  grouper 


1 .  Plant  only  those  spots  where  seedlings  are  protecte 
by    stumps,    logs,    slash,    or    an   open   cover   of  liv 
vegetation  (see  following  section  on  Site  Preparation  J 
The  preferred  location  is  on  the  north  side  of  cove  ; 
the    east    side   may   be   used   if   preferred    spots  an 
unavailable,    but    avoid    spots   on    the   west   side   if 
logs  where  heating  is  more  intense. 

2.  Knock  loose  bark  fron'  logs  and  stumps. 

3.  The  seedling  should  be  planted  no  more  than  H 
inches  from  protective  cover  unless  the  latter  is  hie  i 
enough  to  cast  a  wide  shadow  that  will  envelop  tr  i 
seedling. 

4.  Spacing  between  seedlings  should  not  be  less  the  > 
4  feet  when  planting  alongside  long  logs  or  in  areis 
where  protective  cover  is  clustered. 

5.  Avoid  planting  in  depressions  where  silt  can  smoth'  r 
trees. 

6.  Plant  with  roots  in  moist  soil— generally,  soil  is  tc  3. 
dry  when  a  handful  does  not  form  a  ball  wh(  i 
squeezed. 

7.  Select    spots    that    are    relatively    free    of    rocks    : 
increase    the    volume    of    water-holding    soil    in   tl 
root  zone. 

8.  Avoid  planting  on  small  mounds  or  hummocks,  whii  3 
tend  to  dry  rapidly. 

9.  Avoid   planting    in   areas  with  an  extensive  cover 
dense    sedge    or    grass    sods    (see   following    sectii 1 
on  Site  Preparation). 

10.  Emphasize  that  additional  effort  and  time  requin  : 
to  plant  in  properly  located  spots  is  compensated  f  ' 
by  increased  chances  for  survival. 


Figure  1.— More  effective  protection  with  some  effort.  Seedling  in  (A)  is  partially  protected  by 
js  placed  by  planter.  By  simply  reversing  order  in  which  logs  were  positioned  (B),  the  seedling 
is  shaded  more  fully  by  the  log  to  the  south  (at  left  of  center).  Seedlings  can  be  given  maxi- 
jm  protection  when  logs  are  arranged  in  a  "V"  configuration,  with  the  point  toward  the  south, 
ice  shade  is  provided  from  morning  through  afternoon. 


B 


Figure    2.— Branches   or   small-diameter   logs   provide   little  or  no  shade.    Small  logs,  (C),  might 
offer  enough   protection   if   they   were   arranged  differently.     Similarly,  the  preferred  microhabitol 


B 


n  le  north  side  of  the  log,  (D),  could  have  been  improved  by  laying  another  log  on  the  existing 
so  that  the  seedling  would  be  shaded  from  the  west  (right  of  photograph),  and  by  moving 
x  ing  log  closer  to  the  seedling. 


D 


I     A 


Figure  3.— Conscientious  attempt  at  protection  fails.  Planter  spent  considerable  effort  and  time 
erecting  tepee  cover  (A,  reconstructed  for  illustration),  but  structure  collapsed  (B),  leaving  seedling 
exposed  to  full  sunlight.  Structures  should  have  sufficient  strength  to  withstand  the  weight  of 
accumulated  snow. 


B 
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igure   A.— Error    in    spot    selection.      Seedling    planted   on  the  west  side  of  a  small  log  is  fully 
(J  >ed  to  radiation  most  of  the  day,  especially  during  the  hot  afternoon  hours. 

gure  5.— Shade  from  log  fully  utilized.  Seedling  is  within  3  inches  of  the  east  side  of  log. 
a  spot  would  be  optimum  with  little  additional  effort  expended  by  laying  a  nearby  log  across 
isting  one  so  that  seedling  is  also  shaded  from   the  south. 


11 


Figure  6.— Cover  still  effective  when  seedling  not  close  to  log.     Seedlings  can  be  planted  farther 
than  3  inches  from  large  logs,  (A),  or  those  elevated  above  the  ground  (B). 


Figure  7— Vegetation    may   be   effective   cover.     Caution  should  be  used,  however,  when  [| 
viding  live  shade  until  more  experience  is  gained  concerning  the  effect  of  competition  for  moist; 
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Figure  8.— Unnoticed  hazards  may  jeopardize 
IS  survival.   The  seedling  has  been  properly  planted 
with  adequate  protection,  but    it   could   be   smoth- 
ered   if    bark    sloughs    from    log.    With  very  little 
effort,  bark  can  be  knocked  off  with  a  mattock. 


Site  Preparation 

The  objective  of  site  preparation  is  to 
nanipulate  some  of  the  environmental  factors 
affecting  tree  growth  and  survival— namely, 
oil  moisture,  light,  and  temperature  of  soil 
nd  air.  The  degree  of  control  attempted  will 
lepend  on  local  climate,  soil  properties,  topog- 
aphy,  vegetation  density,  and  most  importantly, 
he  physiological  and  silvicultural  requirements 
)f  the  species  planted.  Obviously,  without 
)rior   knowledge  of  seedling  needs,  attempts 


at  site  preparation  could  produce  detrimental 
as  well  as  beneficial  effects.  Site  preparation 
is  further  complicated  in  that  individual  en- 
vironmental factors  cannot  be  manipulated  with- 
out affecting  others. 

Site  preparation  measures  for  spruce  plan- 
tations probably  require  more  consideration 
than  for  most  other  species  because  of  the 
complex  relationship  between  the  environment 
and  seedling  requirements.  For  example, 
warmer  soils  and  increased  moisture  availability 
accompanying  complete  vegetation  removal 
would  benefit  seedlings;  but  because  of  their 
sensitivity,  seedlings  would  be  more  prone  to 
severe  injury  from  intense  light  and  frost. 
Therefore,  in  the  absence  of  logs  or  stumps, 
live  vegetation  may  be  desirable  as  protective 
cover  even  though  it  competes  with  seedlings. 

Hand  scalping  will  probably  be  adequate 
for  most  planting  operations.  Aboveground 
parts  of  plants  are  totally  removed,  but  lateral 
roots  from  vegetation  surrounding  the  scalp 
usually  remain  active.  Thus  the  zone  of  soil 
released  from  the  competitive  effects  of  vege- 
tation tapers  rapidly  below  the  ground  surface, 
and  the  extent  of  the  soil  column  freed  of 
competition  depends  on  the  size  of  the  scalped 
area. 

Site  preparation  with  heavy  machinery 
should  not  be  attempted  in  the  spruce-fir  zone 
without  fully  considering  management  goals 
and  potential  effects  on  the  site.  Removing 
vegetative  competition  or  treating  slash  for 
fire  or  bark  beetle  control  can  adversely  affect 
plantation  establishment  by  destroying  micro- 
sites  that  afford  protection  for  planted  seed- 
lings. Conversely,  machines  could  be  used  to 
obtain  better  distribution  of  favorable  micro- 
sites  over  the  plantation  by  rearranging  logs. 
Exposure  of  mineral  soil  during  such  opera- 
tions would  also  create  favorable  seedbeds, 
which  might  result  in  supplemental  stocking 
from  natural  regeneration. 

In  areas  where  hand  scalping  is  unsatis- 
factory, vegetation  may  be  controlled  by  such 
machine  methods  as  disking,  furrowing,  mound- 
ing, ridging  (berms  resulting  from  plowing), 
and  bulldozing.  Where  competing  vegetation 
consists  of  relatively  tall  brush  species  that  form 
dense  cover,  complete  removal  or  cleared  strips 
of  bulldozer-blade  width  may  be  desirable.  These 
machine  methods  have  proven  successful  for 
other  species,  but  they  have  not  been  thorough- 
ly tested  for  Engelmann  spruce  plantings.  The 
use  of  machines  in  wet  areas  to  form  mounds 
or  ridges,  to  elevate  roots  above  the  water 
table,  is  not  recommended  for  spruce  planting, 
because  the  probability  of  regenerating  such 
sites  is  low. 
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The  effectiveness  and  suitability  of  different 
species  of  plants  as  protective  cover  for  spruce 
seedlings  is  not  fully  known.  Korstian  and 
Baker  (1925)  noted  that  moderately  dense  stands 
of  aspen  (Populus  tremuloides  Michx.)  with- 
out a  heavy  understory  of  shrubs  and  herbaceous 
plants  were  favorable  sites  for  planting  spruce. 
Observation  of  natural  and  artificial  regenera- 
tion in  several  areas  of  the  central  Rocky 
Mountains  showed  that  fewer  live  seedlings 
were  found  in  the  open  than  where  they  were 
protected  by  brushy  plants— willows  (Salixspp.) 
and  potentilla  (Potentilla  fruticosa)— and  tall 
herbaceous  species  such  as  fireweed  (Epilobium 
angustifolium).  These  species,  and  probably 
others  of  similar  growth  habits,  apparently 
can  provide  shade  without  seriously  depleting 
soil  moisture.  The  circumstances  also  suggest 
that  precipitation  and  moisture-holding  proper- 
ties in  some  parts  of  the  spruce-fir  zone  are 
not  major  considerations  in  determining  the 
degree  of  site  preparation  needed. 

In  contrast,  mortality  of  natural  and  planted 
spruce  seedlings  has  been  recorded  where  seed- 
lings were  established  near  clumps  or  between 
scattered  individual  plants  of  sedges  and  grasses, 
which  spread  to  form  a  solid,  dense  cover  with 
roots  completely  occupying  the  soil.  Some 
mortality  was  attributed  to  root  competition, 
and  part  to  smothering  by  cured  vegetation 
compacting  under  the  weight  of  snow.  The 
probability  of  regenerating  areas  with  an  ex- 
tensive cover  of  dense  sod  is  low,  even  with 
considerable  effort  and  expense,  and  planting 
is  not  recommended. 

Because  of  the  diversity  of  site  conditions, 
as  well  as  financial  and  manpower  limitations 
that  may  be  encountered,  each  plantation  must 
be  considered  individually  to  determine  the 
degree  of  site  preparation  needed  for  best  sur- 
vival. Consequently,  the  following  recom- 
mendations are  presented  as  suggestions  or 
alternatives. 


Recommendations: 

1.  Plant  recent  cuttings  and  burns  before  they  are 
invaded  by  meadow  vegetation. 

2.  Regardless  of  the  need  for  scalping  or  the  method 
of  treatment,  save  all  microsites  created  by  stumps, 
logs,  and  other  material. 

3.  Hand-scalped  spots  should  not  be  smaller  than  18  to 
24  inches  square. 

4.  Machine-scalping  with  disks  or  plows  (furrowing  or 
ridging)  should  leave  vegetation-free  areas  1.5  to 
2  feet  wide. 


5.  Mounds,  either  machine  or  hand  constructed,  should 
be  14  by  14  by  7  inches  minimum  size. 

6.  Use  willows,  potentilla,  fireweed,  or  plants  of  similar 
growth  habit  for  protection  only  when  inert  objects 
are  not  available. 

7.  Underplanting  in  aspen  groves  should  be  limited  to 
stands  with  moderate  crown  density  and  light  cover 
of  understory  vegetation. 


Planting 

The  primary  consideration  in  planting  is  to 
obtain  intimate  contact  between  mineral  soil 
and  roots.  Ideally,  the  technique  for  planting 
expensive  ornamentals— spread  roots  over  a 
mound  of  soil,  carefully  compacting  soil  around 
roots,  and  filling  bowl  around  plant  with  water- 
would  be  best  for  bare-rooted  spruce  seedlings. 
Obviously,  such  a  practice  would  not  be  feasible 
in  operational  plantings. 

In  many  areas  of  the  United  States  where 
soils,  topography,  and  environmental  conditions 
are  favorable,  machines  and  planting  bars  have 
proven  successful.  In  the  spruce-fir  zone, 
however,  such  flexibility  is  normally  not  possi- 
ble. Machine  planting  would  not  only  be 
impractical  because  of  interference  from  rocks  I 
and  roots  in  the  soil,  and  objects  on  the  sur- 
face needed  for  protection,  but  soil  compaction 
around  seedling  roots  also  would  not  be  suffi- 
cient. Slit  planting  can  be  used  in  light  or 
medium  soils,  but  in  heavy  soils  found  on 
some  spruce  sites,  the  combination  of  poor 
compaction  and  a  harsh  environment  would 
reduce  survival. 

The  hole  method  is  preferred  for  planting 
spruce,  since  it  resembles  the  technique  used 
for  ornamentals  if  properly  done.  Holes  are 
generally  dug  with  planting  mattocks ,  but  power- 
driven  augers  have  proven  satisfactory  in  lighter 
soils  free  of  dense  roots  and  rocks,  and  covered 
with  little  or  no  litter.  Regardless  of  the  type 
of  digging  tool  used,  techniques  for  setting 
seedlings  in  holes  are  similar.  Power-auger 
operators,  however,  should  be  cautioned  against 
digging  holes  so  far  in  advance  of  planters 
that  excavated  soil  dries  before  seedlings  are 
set. 


Recommendations: 

1.  Use   the    hole  method;  dig  holes  with  mattock  hano 
tools,  or  power  augers  where  soil  conditions  permi! 

2.  Insist  that  planters  do  professional  work  as  illustrate* 
in  the  following  steps: 
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STEP  I 


alp  spot 


STEP  2 

Remove  live  vegetation,  litter,  dry  soil,  or 
other  debris  from  surface  of  spot  with  mattock 
to  eliminate  material  that  may  fall  into  the 
hole  and  prevent  intimate  root-soil  contact 
when  hole  is  refilled. 


STEP  3 

Swing  mattock  with  sufficient  force  to  bury 
blade  to  full  length  in  one  or  two  swings; 
leave  blade  in  soil  after  final  swing. 
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STEP  4 


die  sharply  to  break  soil  at  bottom 


STEP  5 

Pull  loosened  soil   into  a  compact  pile  near 
front  of  hole. 


STOP.  Do  not  plant  if  hole  is 
not  in  mineral  soil— duff,  humus,  and  rotten 
wood  dries  rapidly  and  compacts  poorly 
around  roots. 


STEP  6 

Trim    rear   wall    of   hole  to  verticc 
using  a    shortened  grip  on  mattoc 
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STEP  7 


Grasp  seedling  stem  near  root  collar— do  not 
pull  on  foliage— and  remove  from  tray  or 
bag  carefully  to  prevent  tearing  intertwined 
roots.  Remove  one  tree  only,  and  be  sure 
that  roots  of  seedlings  in  container  remain 
covered.  Do  not  exposeseedling  before  hole 
is  dug. 


vl  tr      O       Spread  roots  against  rear  wall  of  hole  with 
root  collar  at  or  slightly  below  ground  level. 


Be  certain  roots   extend  vertically  and  are 
not  L-,  J-,  or  U-shaped. 
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STEP  9 


Partially  fill  hole  with  moist  soil  and,  us 
the  fist  or  toe  of  the  mattock,  pack  fin- 
but  carefully  to  prevent  injury  to  rot, 
Use  only  enough  soil— freed  of  large  stoi 
and  any  accumulated  debris  — to  form 
packed  layer  about  1  inch  thick.  This  step 
critical  for  intimate  soil-root  contact. 


STEP  10 

Fill  hole  with  moist  soil  and  pack  firmly 
using  the  heel  of  the  mattock  or  boot  heel; 
usually  three   or   four   tamps  are  sufficient. 

Soil  is  properly  packed  when  tree  cannot  be 
pulled  from  hole  easily. 


STEP  II 


Fill    deep    depressions    left    by   scalping   or 
packing  and  firm  soil  around  seedling. 


STEP  12 


Cover  planting  spot  with  a  mulch  of      loose 
soil  or  litter  to  reduce  evaporation.    When- 
ever   practical,    arrange    logs    or    slash    for 
added     protection     against    solar    radiation 
(figs.  1A,  IB,  2D,  5). 
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Plantation  Protection 

During  the  juvenile  stage,  seedlings  in 
plantations  are  exposed  to  many  hazards  which 
are  more  difficult  to  assess  and  eliminate  than 
those  encountered  before  planting.  Neverthe- 
less, these  hazards  must  not  be  neglected  if 
reforestation  is  to  be  successful.  They  include 
such  environmental  and  biotic  factors  as  frost, 
intense  solar  radiation,  rodents,  snow-mold 
fungi,  and  large  animals. 

In  some  instances  these  factors  may  be  the 
immediate  cause  of  mortality,  but  often  seed- 
lings are  progressively  weakened  by  several 
causal  agents  and  subsequently  die.  For  ex- 
ample, mortality  was  high  in  a  newly  estab- 
lished plantation  when  current  growth  was 
killed  by  summer  frosts  in  4  of  6  years,  and 
part  of  the  remaining  foliage  was  killed  by 
snow  mold  during  4  winters  of  the  same  period. 

Most  rodent  injury  of  spruce  seedlings  is 
caused  by  mountain  pocket  gophers  (Thomomys 
talpoides).  Although  some  mortality  is  likely 
every  year  from  girdling,  severing  the  stem,  or 
from  burrowing  activity,  losses  are  highest 
during  peak  population  years.  Mice  have  been 
observed  to  girdle  associated  species  extensively, 
but  only  scattered  damage  has  been  reported 
for  spruce  seedlings. 

Information  regarding  the  magnitude  of 
large  animal  damage  in  spruce  plantations  is 
limited  (Roe  et  al.  1970).  Generally,  grazing 
is  not  the  immediate  cause  of  mortality,  unless 
seedlings  are  severed  below  live  branches.  The 
adverse  effect  of  grazing  is  reflected  by  loss 
of  seedling  vigor;  the  photosynthetic  capacity 
of  seedlings  is  reduced  as  foliage  is  browsed. 
Spruce  seedlings,  because  of  their  small  size, 
are  particularly  vulnerable  to  trampling.  Not 
only  is  photosynthesis  reduced  as  branches 
are  broken  off,  but  the  flow  of  nutrients  and 
water  is  disrupted  by  crushed  stem  tissue, 
which  may  be  severe  enough  to  cause  direct 
mortality.  The  worst  feature  of  grazing  is  that 
it  is  repeated  year  after  year,  and  when  coupled 
with  injury  from  other  sources,  the  chances 
for  survival  are  limited.  Cattle  appear  to  cause 
less  damage  to  plantations  than  sheep,  but 
successful  plantations  have  been  observed  on 
sheep  allotments  where  seedlings  were  protected 
by  down  timber. 

Recommendations: 

1.  Avoid  planting  in  frost  pockets  — temperatures  are 
likely  to  be  so  severe  that  normal  protective  cover 
will  not  prevent  injury. 

2.  Avoid  planting  in  areas  where  advanced  regeneration 
shows  high  incidence  of  snow  mold. 


3.  Initiate  a  rodent  survey  program,  and  control  animf 
when  populations  build  up. 

4.  Grazing  should  be  prohibited  until  seedlings  readi 
height  of  at  least  3  feet  to  prevent  tramplin 
damage.  Light  grazing  could  then  be  permittei 
providing  concentrations  of  livestock  can  be  avoidei 
If  systematic  observations  disclose  browsing  damagi 
then  grazing  should  be  discontinued  until  termini 
buds  are  beyond  reach  of  livestock. 

Records 

Adequate  data  from  detailed  records  ar 
needed  to  ( 1 )  correct  deficiencies  causing  failure 
and  (2)  recognize  good  practices  leading  ti 
successful  plantations.  Decisions  affecting  re 
generation  practices  can  then  be  based  oi 
quantitative  information  rather  than  conjecture 

The  following  recommendations  are  sug 
gested  for  minimal  records;  individual  prefer 
ence  or  circumstances  may  justify  others. 

Recommendations: 

).  Provide  a  record  of  plantation  establishment:  ( 
location;  (2)  size;  (3)  species  planted;  (4)  kind  < 
stock  (age,  size,  quality,  or  grade);  (5)  seed  souro 
(6)  planting  dates;  (7)  method  of  site  preparatio 
and  equipment  used;  (8)  method  of  planting  ar 
kind  of  tool  used;  and  (9)  density  of  planting. 

2.  Maintain  continuous  thermograph  record  of  temper 
tures  during  transit  and  local  storage. 

3.  Use  staked  trees  to  obtain  continuous  detailed  i 
formation: 

a.  Stake  at  least  100  trees  in  small  plantations,  ai 
1 .5-2.5  percent  of  total  planted  in  large  plantatior 

b.  Staked  trees  should  be  alined  across  the  directii 
of    travel    to    sample    variation    due    to    planter 

c.  Staked  trees  should  be  alined  roughly  perpendicul 
to  the  contour  to  sample  topographic  variation. 

4.  Determine  course  of  plantation  establishment  byrv 
cording  survival  at  the  end  of  the  first,  and  ti  i 
beginning  of  the  second  and  third  growing  season. 

5.  Identify  and  record  cause  of  mortality  or  injury! 
staked  seedlings. 

a.  Rodent  girdling  or  severing  of  the  stem  can  usua  1 
be  identified  (mice,  gophers,  or  porcupines)  by  t  3 
relative  size  of  incisor  tooth  marks  left  in  wooij 
tissue. 

b.  Frost   injury   can  be  recognized  within  a  few  do  i 
after   freezing    by    the    limp,  wilted  appearance  > 
current    growth.       The    current   foliage    later   tui 
a  light  tan  or  straw  color,   regardless  of  the  stcrfj 
of  development  of  the  shoot.    Older  foliage  sho 
no  visible  injury. 

c.  Solarization  is  most  easily  detected  by  the  yell'' 
or  yellowish-green  foliage  — symptoms  appear  fi  > 
in  older  foliage,  but  chlorosis  is  often  evident  I 
current  growth  by  the  end  of  the  growing  seas< ' 
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i  Snow  mold  pathogens  are  readily  identified  by 
I  the  dense,  brown  or  brownish-black,  mycelial  mat 
formed  over  individual  branches  or  entire  seedlings. 
(  Drought  injury  can  be  recognized  by  the  faded, 
'light-green  or  blue-green  needles  which  are  dry 
t  and  brittle,  and  usually  drop  off;  undeveloped 
jjcurrent-year  shoots  may  wilt  under  severe  dehy- 
ifdration.  After  the  seedling  has  died,  any  remcin- 
ling  needles  usually  turn  a  dark,  reddish  brown 
|:within  7  to  10  days  if  soil  moisture  becomes 
lavailable. 

f  If  seedlings  show  drought  symptoms,  the  cause 
■can  sometimes  be  traced  to  improper  planting  — 
Ijloosely  packed  soil  or  doubled  roots. 
fBrowsing  damage  by  wildlife  or  livestock  can  often 
jbe  determined  by  the  frayed  or  splintered  appear- 
lance  of  severed  branches. 

■  Trampling  injury  caused  by  large  animals  isevident 
||from  broken  foliage  and  tracks  near  seedlings, 
■cord  vigor  of  staked  seedlings  as  poor,  fair,  good, 
I  as  otherwise  desired,  which  can  be  used  as  a 
lea  sure  of  plantation  success  along  with  survival  data. 
Ipasure  or  estimate  precipitation  and  general  weather 
cnditions  for  several  weeks  after  planting. 
Icord,  and  most  importantly,  file  data  in  such  a 
■inner  that  personnel  not  immediately  involvedwith 
lb  specific  plantation  can  use  the  information  most 
e^ecti  vely . 

Summary 

Spruce  plantations  can  be  established,  but 
i€job  will  not  be  easy.  The  task  is  not  im- 
JSiible,   however,    as   recently   demonstrated 

operational  plantings  on  the  San  Juan 
aonal  Forest,  if  there  is  full  realization  that 
rJb  of  the  planting  operations  can  be  lightly 
JBidered  or  haphazardly  conducted.  Satis- 
ifory  regeneration  can  be  obtained,  but  plant- 
is  costs  will  be  higher  than  ever  before, 
.ne  many  of  the  recommendations  will  increase 
4*rvision,  require  more  specialized  equip- 
tlt,  or  lower  daily  production.  Nevertheless, 
if  cost  will  almost  certainly  be  less  than 
Anting. 

■Once  the  decision  is  made  to  reforest  non- 
:aked  land,  emphasis  must  be  placed  on 
eing  maximum  survival  rather  than  getting 
J&lings  in  the  ground  at  the  lowest  cost. 
or  accounting  cannot  be  disregarded,  but  a 
L82  realistic  method  of  evaluation  must  be 
pjied,  especially  when  regeneration  is  ex- 
sptonally  difficult  and  costly.  Consequently, 
n<ess  in  spruce  plantations  should  be  meas- 
rcj  by  the  amount  invested  for  an  established 
■•  and  not  the  commonly  applied  criterion 
f  panting  cost  per  acre. 

expected  survival  cannot  be  precisely  pre- 
icjd,  because  the  impact  of  numerous  en- 
iripmental  factors  on  newly  established  planta- 
oit   varies  from  year  to  year.      Studies  in- 


dicate, however,  that  75  percent  of  the  planted 
seedlings  can  reasonably  be  expected  to  become 
established  if  catastrophic  losses  from  factors 
such  as  gophers  and  snow  mold  can  be  pre- 
vented or  avoided  (Ronco  1970b). 
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Appendix 

Construction  plans  for  portable  building 
used  in  Rocky  Mountain  Region,  (Region Two), 
U.  S.  Forest  Service  for  temporary  cold  storage 
of  tree  seedlings  on  the  planting  site. 


*  Plywood 


'Plywood 


TREE       STORAGE       BUILDING 


7    Plywood  -, 


■4     Spacer- 
Actual   size 


■  3"    Insulation 

Styrofoam   FR 


NOTES 

i     All   plywood    shall   be   exterior   grade. 

2  Insulation    shall    be   3"  thick,    applied    between   framing     on  si<  1 
ends,    roof    ond    below   flooring      Also   to   the    j-    hardboard   C 
doors    os  shown    in    Section     A-A.      Adhered   in  place    with   oil  1 
recommended     by   the    manufacturer 

3  Hinges    shall   be    butt,    loose    pin   type.      Hasp    shall   be    safety    ' 
type. 

4  All    bolt    holes    to    be   drilled    75     larger   than    bolts   to  be  use 

5  Eiterior  of  building    shall   be   painted    white. 


3      Insulation 

"  Styrofoom  FR.' 
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FOREWORD 
This  field  guide  was  prepared  to  provide  the 
planter  with  the  techniques  needed  to  estab- 
lish Engelmann  spruce  seedlings  successfully. 
Planting  principles  are  discussed  in  detail 
in  USDA  Forest  Service  Research  Paper  RM-89, 
"Planting  Engelmann  Spruce,"  which  emphasizes 
the  relationship  between  the  physiological 
and  si lvi cultural   requirements  of  spruces  and 
the  environmental   conditions  to  which  seed- 
lings are  exposed. 


Rocky  Mountain  Forest  and  Range  Experiment  Station 
Forest  Service  U.  S.  Department  of  Agriculture 

240  West  Prospect  Fort  Collins,  Colorado  80521 


PLANTING  ENGELMANN    SPRUCE 
A  Field  Guide 

by 

Frank  Ronco 


Engelmann  spruce  can  be  successfully  planted  in  the 
tral  and  Southern  Rocky  Mountains!   The  job  will  not  be 
y,  and  in  most  instances  it  will  cost  more  than  planting 
ier  species,  but  it  can  be  done.   We  have  much  of  the  basic 
iwledge  and  experience   to  carry  out  each  phase  of  the 
nting  operation  successfully — stock,  production,  storage, 
insportation,  planting,  and  plantation  protection.   No 

tation  is  likely  to  succeed,  however,  unless  all  phases 

satisfactorily  performed. 

The  need  to  control  each  operation  adequately  is  more 
tical  for  spruce  because  of  the  harsh  environment  typical 
most  spruce-fir  sites.   After  seedlings  leave  the  nursery, 
y  may  be  dehydrated,  exposed  to  intense  light,  heated 
essively,   frozen  in  midsummer,  attacked  by  disease, 
wsed,  or  trampled.   This  field  guide  was  prepared  to  show 

planter  how  to  avoid  or  reduce  the  impact  of  those  adverse 
:tors.   The  relationship  between  the  physiological  and 
vicultural  requirements  of  spruce  seedlings   and  their 
ironment  are  discussed  in  detail  in  the  companion  Research 
er  upon  which  this  field  guide  is  based. 


SPRUCE  SEEDLINGS  NEED  PROTECTION 


Spruce  seedlings  planted  in  the  open  generally  do  not 
rvive  very  long.   They  are  damaged  by  high  light 
:ensities — a  process  known  as  solarization — and  die  when 
losed  to  full  sunlight  for  prolonged  periods.   Open-grown 
•pdlings  are  also  exposed  to  temperature  extremes.   High 
tbperatures  increase  water  loss  from  both  the  plant  and 
#Ll  by  transpiration  and  evaporation.   Freezing  temperatures, 
■Lch  occur  during  most  growing  seasons,  kill  nearly  all 
crrent  growth. 


Logs,  stumps,  and  slash  provide  suitable  microsites  f 
planted  seedlings  if  (1)  planting  spots  are  properly  local 
alongside  such  cover,  and  (2)  seedlings  are  placed  close 
enough  (within  3  inches)  to  cover  so  that  they  are  shaded, 
Often,  two  logs  can  be  crossed  to  create  a  new  microsite 
or  improve  an  existing  one  by  forming  a  "V"  structure  whi( 
offers  maximum  protection  by  shading  a  seedling  on  three 
sides.   Loose  bark  on  stumps  and  logs,  which  can  slip  off 
smother  seedlings,  should  be  knocked  off  with  the  planting 
tool. 


If  dead  material  is  not  available,  open  cover  of  willows, 
tentilla,  fireweed,  or  species  of  similar  growth  forms  may 
Iji  used  for  protection.   Dense,  tall  vegetation,  however,  as 
111  as  small  mounds  or  hummocks  and  depressions,  are  not 
jod  planting  spots. 


Silt  smothers  seedling 


Soil  dries  out  rapidly 


Cured  vegetation  smothers  seedling 

PLANTING  SEASON 

Spring  is  the  best  time  to  plant  Engelmann  spruce.   The 
pmting  season  is  normally  between  May  25  and  June  25,  but 
i  may  be  extended  in  some  years  because  of  late  snowmelt. 
Pmting  after  July  10,  however,  increases  the  risk  of  ex- 
puing  seedlings  to  freezing  fall  temperatures  before  they 
b^.ome  cold  resistant. 


REMEMBER!   Seedlings  are  dormant,  but  living,  when  they 
are  loaded  at  the  nursery — keep  them  in  this  condition.  Tra 
port  and  store  seedlings  in  facilities  that  are  draft  free, 
cool ,  and  moist,  but  keep  no  more  trees  in  temporary  storage 
than  can  be  planted  in  1  week  or  less.   Use  refrigerators, 
insulated  container  units,  cellars,  or  for  a  few  days,  even 
snowbanks.   Work  in  areas  sheltered  from  wind  and  direct 
sunlight  when  transferring  seedlings  to  planting  bags  or  tra 
Continue  care  of  trees  during  planting  in  a  manner  that  dupl 
cates,  within  practical  limitations,  good  storage  practices. 


MATTOCK  PLANTING 

Since  newly  planted  seedlings  depend  on  existing  root 
vstems  for  water  uptake  until  new  growth  extends  into  un- 
apped  moisture  reserves,  close  contact  between  soil  and 
pots  is  absolutely  necessary.   This  can  be  accomplished 
ast  by  using  a  mattock  as  a  planting  tool: 


STEP  2 

Scrape  litter,  dry  soil,  or 
other  debris  from  spot. 


STEP  3 

Sink  mattock  to 
depth  of  blade. 


STEP  4 


STEP  5 

Pile  loosened  soil  near  hole. 

STOP! 

Skip  hole  if  it  is  not 

in  mineral   soil . 


Lift  handle  sharply. 


STEP  6 

Trim  rear  wall   of 
hole  to  vertical. 


STEP  7 


asp  stem  near  root  collar— 
NOT  tear  foliage  or  roots  — 
K|EP  container  in  shade  and  roots  covered  with  wet  moss- 
NOT  expose  seedling  before  hole  is  dug. 


STEP  8 


Spread  roots  against  rear  wall 
with  root  collar  at 
or  just  below  ground  level  — 
DO  NOT  FORCE  ROOTS   INTO  L-,  J- 
OR  U-SHAPED  POSITIONS. 


STEP  9 

Pack  about  1  inch  of  MOIST  soil  around  roots  with 

toe  of  mattock  or  by  hand-- 
BE  SURE  SOIL  IS  FREE  OF  ROCKS  AND  LITTER. 
)RM  STEPS  9  AND  10  CAREFULLY  TO  PREVENT  INJURY  TO  FOLIAGE  AND  ROOTS 


STEP  10 

Fill  hole  with  MOIST  soil  and  pack  TIGHTLY  with 
heel  of  mattock  or  boot. 
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STEP 


Level  depression 
and  f i  rm  soi 1 . 


STEP  12 

Mulch  spot  with 
LOOSE  soil  or  litter. 


FOLLOW  THROUGH  AFTER  PLANTING 

The  reforestation  project  is  not  completed  when  the  lasl 
seedling  is  planted!   An  adequate  number  of  seedlings  for  a 
representative  sample  of  planter  and  topographic  variation 
should  be  staked.   Survival  data  and  causes  of  injury  or 
mortality  should  be  recorded  at  the  end  of  the  1st,  and  the 
beginning  of  the  2nd  and  3rd  growing  seasons  to  measure 
success  and  identify  potential  risks  to  plantations. 

Plantations  must  be  protected  against  trampling  by  live- 
stock until  trees  are  at  least  3  feet  tall  to  avoid  serious 
damage.   Grazing  may  then  be  permitted,  but  plantations 
should  be  watched  closely.   If  browsing  damage  occurs,  ter- 
minate grazing  until  terminal  buds  are  beyond  reach  of  ani- 
mals.  Rodent  populations,  particularly  pocket  gophers,  must 
be  regularly  censused,  and  control  action  taken  when  animal 
numbers  begin  to  increase  during  the  buildup  phase  of  the 
population  cycle. 


MEASURING  SUCCESS! 

The  number  of  surviving  seedlings  is  the  only  true  in- 
dicator for  judging  regeneration  success! 


^o.*5 
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d/day 


Cost/plAted  tree 
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SYMPTOMS  OF 
COMMON  CAUSES  OF  INJURY  AND  MORTALITY 


Rodent       -  The  incisor  tooth  marks  on  girdled  or  severed 
stems  can  be  related — by  increasingly  larger 
size — to  mice,  gophers,  or  porcupines, 
respectively. 

Frost  -  Shoots  of  current  growth  appear  limp  and 
wilted  within  a  few  days  after  freezing. 
Current  foliage  later  turns  a  light  tan  or 
straw  color,  regardless  of  the  stage  of 
development  of  the  shoot.  Older  foliage 
shows  no  visible  injury. 

Solarization  -  Most  easily  detected  by  yellow  or  yellowish- 
green  foliage;  symptoms  appear  first  in  older 
foliage,  but  chlorosis  is  often  evident  in 
current  growth  by  the  end  of  the  growing 
season. 


Snow  Mold 


Drought 


Browsing 
Trampling 


Brown  or  brownish-black  mycelia  of  the  fungi 
form  dense  mats  over   individual  branches  or 
entire  seedlings;  infected  portion  of  seedling 
usually  is  dead. 

Needles  are  a  faded  light  green  or  blue  green, 
are  dry  and  brittle,  and  are  usually  retained 
on  branches  for   some  time.   Incompletely 
developed,  current-year  shoots  may  wilt  under 
severe  dehydration.   Dead  needles  that  remain 
attached  usually  turn  a  dark  reddish-brown 
within  7-10  days   if  soil  moisture  becomes 
available.   Sometimes  seedling  death  can  be 
traced  to  desiccation  resulting  from  planting 
error — loosely  packed  soil  or  doubled  roots. 

The  severed  tissue  of  the  stem  on  remaining 
branches  is  generally  frayed  or  splintered. 

The  stem  or  branches  are  broken,  but  usually 
are  not  separated.    Animal  tracks  are  also 
evident . 
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Sublimation  from  blowing  snow  is  estimated  from  the  balance 
of  heat  and  mass  transfer  on  a  volume  of  air  and  nonuniform  ice 
particles.  Size  and  the  distribution  of  sizes  are  important  particle 
factors,  but  fragmented  and  abraided  shapes  appear  to  increase 
sublimation  only  slightly  above  the  estimate  for  spherical  parti- 
cles. Humidity  and  temperature  are  the  overriding  environmental 
factors,  but  atmospheric  pressure  and  solar  radiation  are  also  im- 
portant. The  effect  of  turbulence  on  convection  around  the  par- 
ticles does  not  appear  important  in  view  of  the  small  particle 
sizes  encountered.  Rather,  turbulent  transfer  determines  the  snow 
concentration  profile,  and  the  gradients  of  heat  and  water  vapor 
necessary  to  balance  the  sublimation  process. 
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Sublimation  of  Wind  Transported  Snow  -  A  Model 


R.    A.    Schmidt,   Jr. 


Although  a  small  process  in  the  total  hydro- 
logic  cycle,  sublimation  of  solid  precipitation 
during  redistribution  by  wind  may  be  a  sig- 
nificant part  of  the  water  balance  in  certain 
regions.  The  objective  of  this  work  is  to 
formulate  a  mathematical  model  to  estimate 
the  mass  of  snow  that  returns  to  vapor  as  the 
air-snow  mixture  moves  downwind  over  a  hori- 
zontal snow  surface.  2 

Following  a  brief  description  of  the  phenom- 
enon, sublimation  of  snow  is  considered  in 
three  parts.  Part  I  uses  an  existing  equation 
for  sublimation  of  an  ice  sphere  to  evaluate 
the  effects  of  meteorological  factors,  and  a 
modification  demonstrates  the  influence  of  par- 
ticle shape.  Part  II  shows  that  natural  snow 
concentrations  are  not  large  enough  to  cause 
significant  particle  interaction,  so  that  the  re- 
sults of  Part  I  apply  to  a  cloud  of  snow  par- 
ticles as  well.  Part  III  combines  this  knowl- 
edge with  expressions  for  the  vertical  gradients 
of  windspeed,  snow  concentration,  temperature, 
and  humidity,  to  estimate  sublimation  from  a 
vertical  column  above  a  horizontal  surface. 
Discussion  of  this  model  leads  to  several  inter- 
esting consequences  which  should  be  grounds 
for  fruitful  experimentation. 

The  title  employs  "sublimation"  to  describe 
the  process  under  discussion.  Although  sub- 
limation can  be  used  to  denote  either  deposition 
or  vaporization,  the  phase  change  from  solid 
to  vapor  is  of  primary  concern  here.  The 
process  is  assumed  to  be  quasi-stationary,  and 
sublimation  estimates  are  instantaneous  values 


My   initial   interest    in    this  problem  was  generated 
by   discussions   with    R.   D.    Tabler.      M.   D.  Hoover  and 
M.  Martinelli,  Jr.   helped  at   each   stage  of  the  develop 
ment.     J.  L.  Kovner  and  U.  Radok  reviewed  the  manu 
scrijit  with  great  insight. 


that  do  not  take  into  account  the  change  in 
surface  area  of  the  particles  as  the  process 
proceeds.  Philip  ( 1964")  has  shown  that,  while 
not  fundamentally  correct,  such  analysis  pro- 
vides useful  approximations  for  many  meteoro- 
logical problems.  Calculations  are  included 
both  to  provide  more  meaning  to  the  equations 
and  to  given  values  that  help  keep  the  numer- 
ous factors  in  their  proper  perspective.  In  most 
cases,  these  results  are  presented  graphically. 
The  symbols  are  defined  as  they  are  intro- 
duced, and  are  listed  in  the  appendix 
for  reference. 

The  fact  that  the  snow  particles  vaporize, 
either  partly  or  sometimes  completely,  during 
transport  by  wind  is  not  directly  observable, 
since  measurement  problems  are  not  yet  solved, 
even  for  the  relatively  simple  situation  of  trans- 
port across  a  horizontal  surface.  At  windspeeds 
sufficient  to  move  snow,  natural  airflow  is 
turbulent,  and  windspeed  increases  with  height. 
Snowflakes  formed  during  precipitation  are 
quickly  reduced  toward  spherical  shapes  by 
mechanical  abrasion,  so  that  the  windblown 
particles  become  like  sand.  As  a  particle  leaves 
the  snow  surface  to  become  suspended  in  the 
turbulent  air  stream,  a  boundary  layer  develops 
around  it.  If  the  vapor  pressure  of  water  in 
the  surrounding  atmosphere  is  different  from 
the  saturation  value,  a  vapor  pressure  gradient 
forms  across  the  boundary  layer  and  sublima- 
tion begins.  The  rate  of  the  process  depends 
on  how  rapidly  air  is  exchanged  in  the  particle 
boundary  layer.  Energy,  in  the  form  of  heat, 
is  transferred  to  or  from  the  particle  surface 
by  conduction,  convection,  and  radiation.  Water 
vapor  is  transferred  by  diffusion  and  convection. 
These  same  mechanisms  operate  in  a  cloud  of 
snow  particles,  since  the  interparticle  spacing 
far  exceeds  the  depth  of  particle  boundary 
layers  under  natural  concentrations  of  snow 
suspended  in  turbulent  air. 


PART  I 
SUBLIMATION  OF  A  SINGLE  PARTICLE 


A.   An  Ice  Sphere 

Two  laws  of  physics  provide  the  starting 
point  for  theoretical  considerations  of  the  sub- 
limation process.  Conservation  of  mass  provides 
a  relationship  in  the  form  of  the  diffusion 
equation.  The  relationship  for  heat  transfer 
comes  from  the  law  of  conservation  of  energy. 

1.   Diffusion  and  Conduction 

For  mass  transfer,  the  classical  approach 
(Houghton  1933)  is  based  on  the  differential 
equation  relating  the  rate  of  loss  of  mass 
(dm/dt)of  a  spherical  particle  (radius  r  )  to  the 
surface  area  of  the  particle,  the  diffusivity  (  D) 
of  water  vapor  in  air,  and  the  vapor  pressure 
difference  at  the  particle  surface.  The  resulting 
equation  for  evaporation  of  a  sphere  in  still 
air  is 

(dm/dt)    =   ATiDr(p    -pr)  [1] 

where  p  is  the  water  vapor  density  in  the 
remote  environment  and  A>r  is  the  value  at 
the  particle  surface.  This  equation  expresses 
the  rate  of  sublimation  (or  condensation)  of  a 
spherical  particle  by  diffusion  without  ven- 
tilation. 

Heat  transfer  by  conduction  to  a  sublimating 
spherical  particle  depends  on  the  surface  area, 
the  temperature  difference,  and  the  thermal 
conductivity  of  air,  K.   The  expression  is 

[21 


Ls    (dm/dt)    =   4TrKr(TT 


T) 


the  latent  heat  of  sublimation. 
in  the  remote  environment  is 
the   surface   temperature   of   the 


where  Ls  is 
Temperature 
T,  and  r  is 
particle. 

2.   Convection 


When  a  spherical  particle  sublimates  in  a 
steady  air  stream,  the  rate  is  higher  and  mass 
transfer  varies  around  the  particle  surface. 
Frossling  (1938)  predicted  this  pattern  from 
boundary  layer  theory,  and  verified  his  cal- 
culations with  measurements  ol  mass  transfer 
around  a  naphthalene  bead.  The  rate  was 
maximum  on  the  exposed  lace  of  the  sphere, 
and  decreased  to  a  minimum  at  the  point  where 
the  boundary  layer  separated  from  the  particle 
surface.  A  smaller  maximum  occurred  in  the 
"eddy"  area  on  the  downstream  surface.  Tem- 
perature differences  measured  by  Ranz  and 
Marshall  (1952)  show  a  similar  pattern  around 
a  ventilated  drop. 


Both  Frossling  (1938)  and  Kinzer  and  Gunijl 
(1951)   introduce   "wind  factors''  by  which  tr>' 
righthand  sides   of   [1]    and  [2]  are  m 
to    account   for   increased   sublimation   due 
ventilation.      These   ventilation  factors  are  r  x 


mltiplu  1 


lated  by  boundary  layer  theory  to  the  partic  \ 
Nusselt  number  (Nu)  =  2rK/Dfor  heat  transfe  I 
and  to  an  analogous  ratio  for  mass  transfe  , 
the  Sherwood  number  (Sh),  often  denoted  In 
(Nu')  in  the  literature.  Thus,  the  theoretic 
equations  are 


(dm/dt)    =    2TTDr    (p 


-Pr) 


(Sh) 


L    (dm/dt)    =    2TiKr(T 


-T)(Nu) 


[ 
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where  (Sh)  and  (Nu)  must  be  determined 
experiment.  Theory  predicts,  however,  tbi( 
(Nu)  is  a  function  of  Reynolds  numb: 
(Re)  =  2rV/v  and  Prandtl  number  (Pr)  =  Cpffl 
while  the  analogous  Sherwood  number  is  : 
function  of  (Re)  and  the  Schmidt  numt; 
(Sc)  =  u/paD.  In  these dimensionless groups 
V  is  the  ventilation  velocity,  /<.  is  the  dynanii 
viscosity,  pa  is  the  density,  and  cp  is  speci  i' 
heat,  all  for  air  in  this  case.  The  kinema 
viscosity  is  v  =  u/pa. 

At  this  point,  the  Clausius-Clapeyron  eqi 
tion     (1/PS)  (dPs/dT)   =     lsM/rt       may   be  us 
to  approximate  the  water  vapor  density  dif 
ence  in   [3],   where  ps  is  the  saturation  vajc 
pressure,  M  denotes    the   molecular  weight 
water,    and    R   is   the   universal   gas   constal1 
Thorpe   and   Mason    (1966)    show   that  [3]  ar: 
[4]    may    be   combined   to   give   the   follow:; 
expression  for  sublimation  rate  of  a  spheri 
ice  particle: 

dm 
dt 


2*r    (p/f 

<sT   "« 

Ls         1 

rL   M 

-5-  -   1 
^RT 

1 

KT    (Nu) 

Dp    _    (Sh) 
sT 

where  pST  represents  the  saturation  density 
water  vapor   at   temperature  T.     The  quant. 
(p/Psi  _1)       i-s   the  undersaturation  of  the   J- 
vironment  with   respect   to   water  vapor,   a  1 
following   their    notation,    is    denoted    by   j 
Results    of    their  experimental   work  vh 


_  r  <L.8  mm)    at  ventilat  i 
100    cm    sec _1   show 


ice  spheres    (0.3  mm 

speeds    from    25    to 

Nusselt  number  and  the  Sherwood  number  | 

practically  the   same,   and   are   proportiona  3 

the  square  root  of  the  Reynolds  number. 

(Nu)    =    (Sh)    =    1.88   f  0.58    (Re)    '2 
where  (Re)  ranged  between  10  and  200.   Val  1 


f  D  in  their  computations  are  about  7  percent 
>wer  than  the  International  Critical  Tables 
alue,  in  keeping  with  the  experience  of  other 
orkers,  for  example,  Ranz  and  Marshall  (1952). 
Mean  ventilation  velocity,  V,  is  the  average 
jlative  velocity  of  air  with  respect  to  the 
article.  In  these  experiments,  particle  position 
ras  fixed  in  a  moving  air  stream  of  low  tur- 
ulence  intensity  (1  to  3  percent).  The  wind 
actor,  F,  by  which  sublimation  is  increased 
ue  to  convection,  has  a  theoretical  value  of 
inity  when  the  Reynolds  number  is  zero.  How- 
ever, [6]  provided  the  best  lit  to  their  experi- 
nental  data,  so  that  F  =  1/2  (Nu)  is  slightly 
ess  than  unity  with  no  ventilation.  Ventilation 
nay  increase  the  diffusion  of  water  vapor  from 
he  ice  sphere  by  as  much  as  five  times  if 
•article  Reynolds  numbers  as  high  as  200  are 
nvolved  (fig.  1). 
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'igure   1. — Experiments  by   Thorpe   and  Mason 
(1966)    show   that   ventilation   increases   sub- 
limation by   a   factor    (F)    proportional    to    the 
square  root  of  the  Reynolds  number,   where 
(Re)    =    (2rV/\>)    ranged  from  10    to   200. 


3.   Particle  Temperature 

For  water  drops  evaporating  in  still  air, 
measurements  by  Johnson  (1950)  confirm  the 
relation  (Tr  -T)  =  (dls/k)  (p  -  pr)  .  This 
expression  for  the  temperature  difference  be- 
tween the  particle  and  its  environment  comes 
from  assuming  steady  state  equilibrium  of  heat 
and  mass  transfer  expressed  by  [1]  and  [2]. 
Multiplying  [1]  by  Ls  gives  an  expression 
equivalent  to  [2].  In  practice,  the  value  of 
pr  is  taken  as  the  saturation  vapor  density  at 
particle  surface  temperature  Tr  .  The  value 
of  u  ,  the  ambient  vapor  density,  is  determined 
from  the  relative  humidity  of  the  environment 
and  its  temperature  T. 

Direct  measurements  by  Kinzer  and  Gunn 
(1951)  and  Ranz  and  Marshall  (1952)  show  that, 
for  practical  purposes,  the  surface  temperature 
of  a  water  drop  evaporating  with  ventilation 
is  equal  to  the  wet  bulb  temperature  estimated 
from  psychrometric  tables.  Kinzer  and  Gunn 
(1951)  also  found  the  temperature  of  suddenly 
ventilated  drops  adjusted  to  the  wet  bulb  tem- 
perature in  only  a  few  seconds. 

For  this  model,  particle  temperatures  are 
assumed  to  equal  ice  bulb  temperatures.  In  the 
temperature  range  from  -20°  C.  to  0  °  C.,  (Tr  -T) , 
taken  as  the  ice  bulb  depression,  is  less  than 
0.5°  C.  for  relative  humidities  greater  than  70 
percent  over  the  elevation  range  0  to  4  km. 
Thorpe  and  Mason  (1966)  assumed  the  tem- 
perature difference  (Tr  -T)  was  so  small  for 
conditions  below  freezing  that  the  saturation 
vapor  density  at  the  particle  surface  was  taken 
as  that  for  ambient  temperature  T.  Thus, 
particle  temperature  does  not  enter  directly 
in  [5], 


4.   Calculations 

Together,  [5]  and  [6]  provide  sublimation 
rates  for  ice  spheres  under  conditions  of  mod- 
erate ventilation,  at  temperatures  below  freezing, 
without  considering  the  radiation  of  heat  to 
the  particle.  Some  calculations  will  provide 
a  graphical  picture  of  the  relation  between 
factors.  Before  calculations  can  be  made  using 
[5],  however,  a  number  of  "constants"  must 
be  assigned  values.  This  has  been  done  in  the 
tables  in  the  appendix. 

Figure  2  shows  the  sublimation  rate  as  a 
function  of  particle  diameter  for  several  ambient 
temperatures  and  mean  ventilation  velocities. 
All  values  were  computed  for  1000  mb  atmos- 
pheric pressure,  and  90  percent  relative  humidity. 
The  sublimation  rate  at  -10°  C.  is  almost  twice 
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Figure   2. — The  sublimation   rate   of  a   single 
ice  sphere   almost   doubles   for  each   10-degree 
increase   in   ambient    temperature   between 
-20°   C.    and  0°    C.      Ventilation   rate    (V  in 
cm/sec)   has  a  smaller  effect,   according   to 
equation    [5]    with   values   at   1000  mb .    and   90 
percent   vapor  density  with  respect    to  satura- 
tion over  ice.       (The  dashed  portion  of  the 
curves  are  extrapolations  below    (Re)    =  10.) 

the  rate  at  -20°  C.  throughout  the  size  range, 
and  more  than  doubles  when  sphere  diameter 
is  doubled.  Examination  of  [5]  reveals  that 
sublimation  is  directly  proportional  to  the  water 
vapor  deficit  in  the  surrounding  environment. 
Doubling  this  undersaturation  doubles  the  sub- 
limation rate;  80  percent  relative  humidity  would 
give  twice  the  sublimation  rates  shown  in 
figure  2. 

Rate  of  sublimation  decreases  for  smaller 
particles,  but  the  loss  becomes  a  larger  per- 
centage of  particle  mass.  This  follows  from 
equations  [5]  and  [6],  which  predict  that  sub- 
limation rate  varies  as  the  3/2  power  of  par- 
ticle radius,  and  the  fact  that  total  particle 
mass  varies  with  the  third  power  of  radius 
(fig.  3). 

Particles  studied  by  Thorpe  and  Mason 
were  larger  than  most  windblown  snow.    Budd, 


Dingle,  and  Radok  (1966)  reported  mean  par- 
ticle diameters  near  100  /j.  in  the  Antarctic, 
and  Kojima  (1969)  presented  particle  size  distri- 
butions with  modes  in  the  20-40  /x  diameter 
class,  measured  at  Hokkaido  University,  Japan. 
Measurements  on  water  drops  by  Kinzer  and] 
Gunn  (1951)  showed  a  rapid  decrease  in  mass 
transfer  for  diameters  below  150  \x  when  the1: 
relative  velocity  was  equal  to  drop  fall  velocity  . 
They  point  out  that  fog  and  cloud-size  drops 
(around  25  jll  )  evaporate  at  about  the  rate 
predicted  for  a  drop  at  rest.  At  low  Reynolds 
numbers  (0  to  7),  the  mechanism  is  not  com- 
pletely known,  but  air  is  apparently  entrained 
by  viscous  forces  and  the  drop  tends  tc 
evaporate  into  an  air  shell  around  it.  (Radius 
of  curvature  does  not  exert  an  important  in- 
fluence on  vapor  pressure,  for  particles  largei 
than  1  micron.) 

Perhaps  the  best  limit  to  use  in  applying 
equation  [5]  to  small  particles  is  (Re)  =  10 
the  lower  limit  given  by  Thorpe  and  Masor 
(1966)  which  agrees  with  the  arguments  o 
Kinzer  and  Gunn  (1951).  A  100  /*  particle 
ventilated  by  a  100  cm /sec  air  stream  at  -20°  C. 
(Re  =  8.6)  is  slightly  outside  this  limit.  Wit! 
90  percent  relative  humidity  and  1000  mb  atmos 
pheric  pressure,  equation  [5]  predicts  the  sub 
limation  rate  will  be 
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Figure    3. — The  sublimation   rate   calculated  by 
equation    [5]    represents  a     much     larger 
percentage  of  the   total   mass     for  small 
particles.      Calculations  plotted  here  are 
for  1000  mb  pressure  and  a   vapor  density 
that  is   90  percent  of  the  saturation   value 
over  ice.      Particle  density  is   assumed  to  2: 
0.92   g/cm3 . 


5.   Radiation 

For  laboratory  studies,  most  experimenters 
have  justified  neglecting  heat  transfer  by  radia- 
tion as  part  of  the  sublimation  or  evaporation 
process.  However,  Bergen  3  shows  this  factor 
s  important  for  sublimation  of  a  snowflake 
.mder  solar  radiation.  Since  redistribution  of 
snow  by  wind  may  occur  with  clear  skies, 
•adiation  will  be  included  in  this  model. 
Following  Bergen's  procedure,  a  term  is  added 
;o  the  heat  transfer  relation  [21  so  that 


L    (dm/dt)    =   4TTKr(T 


-T)    +  Q 


[7] 


vhere  Q  is  the  net  rate  at  which  heat  is  trans- 
erred  to  the  particle  by  radiation.  If  the  heat 
ransfer  expression  [7],  with  the  radiation  term, 
s  used  in  place  of  [2]  to  derive  the  equation 
or  particle  sublimation  rate  by  the  argument 
)f   Thorpe    and    Mason    (1966)',    the    result   is 
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?o  evaluate  Q,  some  expression  for  the  total 
adiation  balance  on  the  particle  must  beformu- 
ated.  This  will  certainly  be  a  widely  varying 
erm  since  conditions  range  from  clear  nights 
o  clear  days,  with  all  cloudy  and  foggy  situ- 
itions  between. 

According  to  definitions  outlined  by  van  de 
lulst  (1957),  a  particle  causes  extinction  of 
ncident  radiation  equal  to  the  amount  it  scatters 
ind  absorbs.  Scattered  radiation  includes  that 
lefracted,  refracted,  and  reflected  by  the  particle. 
)f  the  incident  radiation  flux,  S0  ,  the  portion 
ibsorbed  by  the  particle  is  equal  to  cabs  s0  , 
vhen  cabs  is  an  area  defined  as  the  absorbing 
:ross  section  of  the  particle.  An  absorbing 
;fficiency  may  also  be  defined  so  that Eabs=cabs/G 
vhere  G  is  the  particle's  geometric  cross  section 
G  =  Trr2  for  a  sphere).  If  ;  is  the  particle 
ilbedo,    EabS  =  l  -    4  . 

The  total  radiation  flux  intercepted  by  a 
spherical  particle,  suspended  in  turbulent  air 
ibove  a  horizontal  snow  surface,  will  be  taken 
is  the  sum  of  direct  and  scattered  solar  radia- 
ion.  If  S0  is  the  total  solar  radiation  flux 
rom  above,  and  xs0  is  that  portion  reflected 
)y  the  horizontal  snow  surface,  then  the  total 
adiation  load  on  the  particle  is  s0  +  xs0 
vhere  the  horizontal  surface  albedo,  X  ,  may 
De  different  from   the   particle  surface  albedo. 

3 
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The  amount  of  this  incident  flux  absorbed  by 
the  particle  is  cabs(s0+AS0),  or  EabsG(s0+AS0) . 
It  is  equal  to  Q,  the  net  rate  of  radiant  heat 
transfer  to  the  particle,  and  with  Eabs  =  1  -  ? 
and       G  =  Trr2      ,  for  a  spherical  particle 

Q  =   (1  -  c)(l  +  A)Trr2S  [9] 

Values  of  albedo  for  a  horizontal  snow 
surface  range  from  75  percent  or  less  for  old 
snow,  to  almost  100  percent  for  new  snow 
surfaces  (Geiger  1965).  A  conservative  value 
of  X  =  0.8  has  been  used  in  calculations  below. 
No  estimates  of  snow  particle  albedo  could  be 
found  in  the  literature,  and  a  calculation  based 
on  particle  optics  was  not  formulated  because 
no  assumed  surface  characteristics  seemed  well 
founded.  Instead,  the  value  £  =  0.5  was  taken 
as  a  very  rough  estimate. 

This  analysis  neglects  thermal  radiation 
from  the  horizontal  surface  to  the  particle, 
because  large  differences  between  surface  and 
particle  temperatures  do  not  seem  likely  under 
the  natural  conditions  considered  here.  When 
snow  is  transported  by  wind  just  above  asphalt, 
or  a  bare  soil  surface,  thermal  radiation  might 
become  an  important  additional  heat  flux  to 
the  particle. 

Figure  4  compares  sublimation  rates  com- 
puted from  [8]  and  [9]  with  rates  predicted 
by  [5].  Most  obvious  is  the  fact  that  radiation 
contributes  more  in  sublimation  from  large 
particles.  The  sublimation  rate  by  [8]  and 
[9],  with  S0  =1.0  cal/cm2  min,  is  18  percent 
larger  than  when  radiation  is  neglected  for  a 
100  /j.  sphere,  and  84  percent  larger  for  a  1  mm 
diameter  sphere. 


6.   Atmospheric  Pressure 

Rates  of  sublimation  at  different  elevations 
may  be  compared  by  evaluating  [5]  and  [8]  for 
the  corresponding  ambient  pressures.  Only  two 
parameters  in  equation  [5]  vary  significantly 
with  pressure.  Ventilation  factors  change  due 
to  the  variation  of  the  kinematic  viscosity,  and 
diffusivity  of  water  vapor  increases  with  de- 
creasing pressure. 

Variations  in  kinematic  viscosity  were  esti- 
mated from  the  defining  relation  v  =  v/pa 
where  p.,  the  absolute  viscosity  of  air,  is  almost 
independent  of  pressure.  The  density  of  the 
air  was  taken  aspa  =  p/cvRTvwhere  p  is  the 
pressure,  Cv  is  the  coefficient  of  compressi- 
bility, R  is  the  gas  constant  and  T  v  is  the 
virtual  temperature  (List  1968).  The  results 
(included  in  the  appendix)  show  that  Reynolds 
number,  and  thus  the  ventilation  factor  [6], de- 
crease with  decreasing  pressure.  iThe  variation 
indiffusivity'with  pressure  is  D/D0=(T/T0)n(p0/p), 
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Figure   4. -Solar  radiation   is   more   effective   in 
increasing  the  sublimation   rates   of  larger 
particles ,    according    to    this   evaluation   of 
equations    [8]    and    [9]    for   -20°    C.    at   1000  mb . 
The   vapor  density  was   90  percent   of  the   satu- 
ration  value  over  ice,   and  a  ventilation  rate 
of   100   cm/sec  was   assumed   for  all    sizes.      The 
particle  surface  albedo  was   taken   as   r,   =  0.5 
and   the  horizontal   surface   albedo  as    A   =   0.8 
in   equation    [9] . 


where  D0  is  0.180  cm2  sec  _1  at  pG  =  1000  mb 
(List  1968).  Computations  in  the  appendix  are 
for  a  temperature  of -20°  C. 

The  change  in  the  computed  sublimation 
rate  over  the  elevation  range  from  0  to  4  km 
(0  to  13,000  feet)  is  compared  for  two  particle 
sizes  in  figure  5.  Substantial  increases  in  sub 
limationrate  are  predicted  for  higher  elevations, 
and  the  increase  is  more  significant  for  smaller 
particles.  The  increase  in  diffusivity  outweighs 
the  reduction  in  ventilation  rate  due  to  de- 
creased   density    of    air    at   higher   elevations. 

Besides  changes  in  ventilation  factor  and 
diffusivity,  comparisons  employing  equation  [8] 
must  account  for  the  increase  in  direct  and 
diffuse  solar  radiation  at  higher  elevations. 
The  mean  radiation  flux  increases  by  two  to 
three  times  between  sea  level  and  an  elevation 
of  4  km  (Geiger  1965).  Figure  6  compares 
sublimation  rates  at  sea  level  (1000  mb)  with 
those  at  2.5  km  (750  mb)  and  4  km  (600  mb). 
Estimates  of  S  0  ,  the  radiation  flux,  are  listed 
with   the  corresponding  atmospheric  pressure. 


Of  course,  holding  temperature  and  humidity 
constant  over  this  elevation  range  is  not  realis- 
tic, but  figure  6  does  show  that  the  net  effect 
of  decreasing  atmospheric  pressure  is  an  in- 
crease in  sublimation  rate  at  higher  elevations, 
if  ambient  temperature  and  humidity  are  the 
same. 


7.   Turbulence 

Atmospheric  turbulence  levels,  under  con-i| 
ditions  of  interest   here,   are  about  10  percent 
for  streamwise  velocity  fluctuations,  using  ap- 
proximations     suggested      by      Lumley      and 
Panofsky  (1964).     (The  turbulence  level  is  thefi 
ratio   of  root-mean-square   fluctuating  velocity 
to   free  stream  velocity.)     Measurements  sum-; 
marized  by   [6]    are   for  turbulence  levels  of  II 
to  3  percent,  as  noted  before.   The  question  is> 
whether    the    higher   natural   turbulence   level 
would  cause  a  greater  particle  stiblimation  rate 
by  providing   more   ventilation   than  predicted 
by  [6]. 

If  a  snow  particle  followed  all  turbulenti; 
accelerations  of  air  motion  exactly  during  windd 
transport,  then  the  relative  velocity  would  just 
equal  the  particle  fall  velocity  due  to  gravita-aj! 
tional  acceleration.  However,  the  particle  tflij 
air  density  ratio  is  close  to  1000,  assuming 
the    windblown    snow    particle    has   a  density 
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Figure    5. — The  sublimation      rate   for  an   ice 
sphere  is     more  rapid     at  higher  elevations 
according   to  equation    [5]    evaluated  for  -20 
C.    ambient    temperature   and  a   water   vapor 
density  equal   to  90  percent  of     the  satura- 
tion value  over  ice.      A  100  cm/sec  ventila- 
tion  rate  was  assumed  for  both  particle 
diameters- 


lOOOmb 
S0=0.81 


0.2  04  06  08 

Particle  diameter  (mm) 


10 


igure   6. --When      the     increase     of     solar 
radiation  at  higher  elevations   is   included , 
equations    [8]    and    [9]    provide   this  picture 
of  particle  sublimation   rates.      Ambient 
conditions   again   were   -20°    C.    and  90  percent 
of  water  vapor  density  at  saturation   over 
ice,   with  a   ventilation  rate  of  100  cm/sec 
for  all  particles. 

ear  0.9  g/cm3  (ice).  Accelerations  required 
a  overcome  particle  inertia,  and  cause  it  to 
allow  the  air  velocity  fluctuations,  must  be 
reated  by  additional  drag  forces.  These  can 
nly  occur  if  the  relative  velocity  between  the 
article  and  air  increases.  Thus,  the  instan- 
ineous  relative  velocity,  uR  (defined  by 
R  e  up  -  u ,  the  difference  between  particle 
nd  air  velocities)  is  a  fluctuating  vector  in 
irbulent  flow.  It  becomes  equal  to  the  par- 
cle  fall  velocity  (up  =  w)  when  the  air  is 
aim  (u  =  o). 

Friedlander  (1957)  showed  that  the  mean 
quare  relative  velocity  characterized  convection 
ffects  on  heat  and  mass  transfer  from  particles 
uspended  in  turbulent  flow.  By  making  some 
ather  restrictive  assumptions,  Tchen  (1947)  de- 
ived  equations  of  motion  from  a  balance  of 
arces  on  the  suspended  particle.  Hinze  (1959) 
nd  Soo  (1967)  have  both  summarized  his  work. 
l  generalized  solution  to  these  equations  of 
lotion  (Chao  1964)  gives  the  mean  square 
elative  velocity  in  terms  of  the  mean  square 
luid  velocity,  the  turbulent  energy  spectrum, 
nd  a  quantity  determined  from  the  stochastic 
quation  of  relative  motion.  This  relation 
redicts  that  particles  of  a  given  size  will  have 
n  energy  spectrum  that  coincides  with  the 
nergy   spectrum   of  fluid   motion  up  to  some 


frequency,  above  which  "slip,"  or  relative 
motion,  increases  with  increasing  frequency 
of  turbulent  fluctuations. 

With  the  energy  sped  rum  suggested  by 
Lumley  and  Panofsky  (1964)  for  horizontal 
gustiness  in  the  atmosphere.  Chaos  procedure 
indicates  that  a  100  u.  snow  particle  would 
completely  follow  all  turbulent  fluctuations. 
A  1  mm  particle  would  exhibit  "slip,"  that  is, 
it  would  not  follow  wind  fluctuations,  for  fre- 
quencies higher  than  1/10  cycle  per  second. 
Csanady  (1963)  derived  a  similar  equation  for 
mean  square  relative  velocity,  by  which  he 
calculated  that  a  0.5  mm  dust  particle  would 
follow  all  atmospheric  eddies  with  a  vertical 
dimension  greater  than  10  m. 

The  above  calculations  are  based  on  some 
rather  tentative  assumptions,  including  the 
absence  of  particle  interactions  and  particle 
spin  created  by  the  shear  flow.  More  restric- 
tive, drag  forces  are  assumed  to  obey  Stokes' 
Law,  which,  strictly  speaking,  would  limit  appli- 
cation to  situations  where  the  particle  Reynolds 
number  is  unity  or  less.  An  opportunity  and 
need  for  well  designed  experiments  under  atmos- 
pheric conditions  surely  exists  here. 

Turbulence  tends  to  increase  sublimation 
by  increasing  the  relative  velocity  above  the 
particle  fall  velocity.  However,  the  calculations 
described  above  do  not  indicate  that  this  in- 
crease is  large  for  the  normal  size  range  of 
windblown  snow  particles. 

B.   A  Nonspherical  Particle 

The  fine,  delicate  structures  called  snow- 
flakes,  created  during  precipitation,  are  certainly 
not  well  approximated  by  a  sphere.  As  noted 
in  the  introduction,  these  beautiful  forms  are 
quickly  destroyed  by  mechanical  forces,  when 
wind  begins  to  move  deposited  snow.  This 
action  reduces  both  the  fine  structure  and  the 
maximum  dimensions  of  the  particles,  so  that 
the  spherical  approximation  becomes  somewhat 
more  realistic.  The  photomicrographs  presented 
by  Budd  et  al.  (1966)  and  Kojima  (1969)  all 
show  windblown  snow  particles  without  any 
of  the  fine  dendritic  snowflake  structure.  How- 
ever, the  particles  have  irregular  surfaces  and 
shapes  and  are  more  often  oblong  that  spherical. 

By  the  analogy  between  water  vapor  diffu 
sion  and  electrostatics,  it  is  relatively  easy  to 
estimate  how  sublimation  rate  is  affected  by 
deviations  from  the  spherical  toward  more  ob- 
long particle  shapes.  The  calculations  in  this 
section  show  that  these  deviations  tend  to  in- 
crease sublimation  rates,  but  the  ffect  is  not 
large. 


1.  Diffusion  Shape  Factor 

According  to  McDonald  (1963),  the  first 
treatment  of  the  analogy  between  diffusion  and 
electrostatic  fields  should  be  attributed  to  Max- 
well, while  Houghton  was  first  to  use  the 
analogy  in  investigating  ice-crystal  growth. 
Equation  [1],  which  was  derived  from  this 
analogy,  can  be  modified  to  account  for  particle 
shape  by  replacing  the  radius  r  with  C,  the 
electrostatic  capacitance  of  a  conductor  with 
identical  size  and  shape.  Then  [1]  becomes 
dm/dt  =  4ttCD(p  -  pr) .  McDonald  has  verified 
this  analogy  for  several  shapes  which 
also  have  a  theoretical  solution  in  terms  of 
electrostatics,  and  he  measured  the  value  of 
C  for  a  number  of  crystal  shapes  which  do  not 
have  theoretical  solutions. 

The  four  cases  in  which  C  may  be  deter- 
mined theoretically  are  (McDonald  1963): 

(a)  sphere,  radius  r,  c  =  r 

(b)  thin  circular  disk,  radius  r,  c  =  2r/ir 

(c)  prolate   spheroid,   major  and   minor   semi- 
axis  b  and  c,      c  =  A/in[  (b  +  a)c]        where 

A  =    (b-2  -   c2)%. 

(d)  oblate   spheroid  of  major  and  minor  semi- 
axis  b  and  c.  c  =  Ae/sin_1-e        where 

e   =    (1   -   c2/b2)^. 

The  limiting  value  for  a  thin  prolate  spheroid, 
c  =  b/in(2  b/c)  was  found  to  adequately 
represent  the  needle  crystal  form  where  b  is 
half  the  needle  length  and  c  is  the  radius  of 
the  midsection.  McDonald's  conclusion  was 
that  errors  from  approximating  the  true  value 
of  C  by  theoretical  values  are  less  than  many 
of  the  other  uncertainties  in  predicting  crystal 
growth  or  sublimation. 

The  sphere  has  the  smallest  surface  area  per 
unit  mass.  Any  deviation  from  the  spherical 
shape  will  increase  the  area-to-mass  ratio,  and 
will  result  in  a  larger  sublimation  rate  for  a 
given  particle  mass.  Tn  figure  7,  values  of  C/r 
are  plotted  as  a  function  of  the  ratio  of  major 
to  minor  semi-axis,  <f  for  a  prolate  spheroid 
(formed  by  revolution  of  an  ellipse  about  its 
major  axis).  For  a  particle  with  the  same 
mass  as  a  sphere  of  radius  r,  the  rate  of  mass 
transfer  by  diffusion  would  increase  25  percent 
when  the  ratio  of  major  to  minor  semi-axis  is  5. 

2.  Sublimation  Equation 

When  we  consider  the  additional  factor  of 
particle  shape,  equation  [8]  may  be  modified 
to  provide  a  more  realistic  model.  Similar 
to  [3],  we  have 


dm/dt 


4itDCF      (p 
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and  in  place  of  [7], 
dm 


L     ^     =    AttKCF^ 
s   dt  h 


(T      -   T)    +  Q 


where  Fm  and  Fj,  are  the  ventilation  factor; 
comparable  to  1/2  (Sh)  and  1/2  (Nu),  respective 
ly,  and  the  radius  has  been  replaced  by  C,  th< 
shape  factor.  Again  as  outlined  by  Thorpi 
and  Mason  (1966),  the  Clausius-Clapeyronequa 
tion  is  used  to  approximate  the  vapor  density 
difference,  and  temperature  differences  areas 
sumed  small.      The  result  analogous  to  [8]  in 
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Ventilation  factors,  F^   and  Fm  ,  must  be  evalu; 
ated    by    experiment    for  a   particular   particl 
shape  C.   From  the  work  of  Thorpe  and  Masonri 
these  factors   are   expected   to  have  the  form' 


Fh  = 


A  +   B    (Pr)      3(Re) 


A  +   B    (Sc)    '  MRe) 
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where  A  and  B  are  constants. 

The  radiation  term,  Q  cannot  be  used  II 
the  form  given  in  [9],  but  must  take  into  aw* 
count  the  projected  area  corresponding  to  thiti 
particle  shape.   Thus  Q  takes  the  form 


Q  =  (i  -  <;) 
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where  A  1  and  A2  are  the  projected  areas  cri 
the  particle  perpendicular  to  the  direct  an  I 
reflected  solar  radiation,  respectively.  Value  >' 
for  A  1  and  A  2  depend  on  the  average  particl: 
orientation  with  respect  to  the  horizontal,  anl 
on  the  sun  angle. 

3.   Comparison  with  a  Spherical  Particle 

Sublimation  rates  predicted  by  [8]  for  t\.\ 
spherical  particle  and  by  [  12]  for  the  nonspheric 
particle  cannot  be  compared  exactly,  becausS 
values  for  the  wind  factors  Fh  and  Fm  ar 
in  general,  not  known  for  nonspherical  pa| 
tides.  However,  at  least  some  idea  of  th:! 
uncertainty  can  be  gained  by  considering  \ffl 
extreme  case  of  an  infinite  circular  cylinde' 
Work  in  hot-wire  anemometry  (Hinze  195£  > 
has  established  that,  for  a  circular  cylind  i 
with  major   axis   at   right   angles   to  the  flo\  i 
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igure    7. — The  sublimation 
rate  of  a   prolate   spheroid 
of  ice,    computed   from 
equation    [12],    is  plotted 
here  as  a  percentage  of 
the  rate  for  a  sphere  of 
equal   mass.      The   varia- 
tion  of  C/r    (the  mass 
diffusion  shape  factor) 
is  also  shown. 
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U  temperatures  and  pressures  examined  here, 
he  values  of  (Pr)  are  near  unity,  so  that  the 
elation  for  an  infinite  cylinder  is  approximately 

(Nu)    =    0.42  +  0.57(Re)      2 
ompared  to  the  value  from  [6]  for  the  spheri- 
:al  case  (£  =  1) 

l/o 

(Nu)    =    1.88  +  0.58 (Re)    '2 

Assuming  the  oblate  spheroid  approximates  an 
nfinite    circular    cylinder    when    the    ratio   of 


najor  to  minor  axis  is 


E 


io- 


the  value  of 


Z/v  is  13.2  from  the  limiting  approximation 
:=b/ln(2b/c)  •  Then  if  the  value  of  (Nu)  varies 
.s  C/r,  for  a  ratio  of  g  =  20  ,  the  Nusselt 
lumber  would  be  (Nu)  -  1.76  +  0.58(Re)1'2 
inly  slightly  less  than  the  spherical  case.  The 
alue  of  Reynolds  number  (Re)  is  taken  as 
cV/v  ,  defined  by  the  minor  axis  of  the 
pheroid  (for  the  long  axis  perpendicular  to 
he  flow).  From  these  approximations,  it  ap- 
tears  that  particle  shape  has  very  little  effect 
m  the  ventilation  factor. 

Again  taking  the  standard  conditions  for 
hese  calculations  (T  =  -20°  C,  p  =  1000  mb, 
RII)  =  90  percent)  with  a  steady  mean  venti- 
ation  rate  of  100  cm/sec,  evaluation  of  [12] 
vith  Q  =  0  provides  the  comparison  in  figure  7. 
"or  a  ratio  of  major  to  minor  axis  of  5,  the 
iublimation  rate  without  radiation  is  only  about 
.0  percent  larger  for  the  spheroid  than  for  a 
iphere  of  the  same  mass.  When  radiation  is 
idded,  (Q  +  0)  ,  the  effect  of  particle  shape 
jn  sublimation  rate  depends  on  the  particle's 
mentation  with  respect  to  the  sun.  The  maxi- 
num  projected  area  of  a  prolate  spheroid  in- 
creases as  the  cube  root  of  eccentricity,  so  a 
spheroid  with    £  =   5,   oriented   with   its   long 


axis  perpendicular  to  the  sun's  rays,  inter- 
cepts 1.71  times  the  radiation  intercepted  by 
a  sphere  of  the  same  volume.  A  spheroid 
with  the  volume  of  a  100  <u  sphere,  and  with 
<f  =  5,  would  have  almost  twice  the  sublima- 
tion rate  of  the  sphere,  when  oriented  so  that 
the  shape  effects  were  maximum.  However, 
if  the  particle  orientation  during  turbulent  sus- 
pension is  random,  which  seems  most  likely, 
the  shape  effect  on  radiation  interception  should 
disappear. 

C.    Summary 

The  objective  of  Part  I  was  to  explore 
the  relative  importance  of  numerous  factors 
that  determine  the  sublimation  rate  of  a  single 
particle.  Some  conclusions  drawn  from  the 
various  references  and  calculations  are: 

1.  Ice  bulb  temperature  is  a  reasonable  assump- 
tion for  the  temperature  of  a  sublimating 
snow  particle,  so  differences  in  particle  and 
air  temperatures  will  be  small  (less  than 
0.5°  C.)  under  natural  conditions  of  blowing 
snow. 

2.  The  sublimation  rate  nearly  doubles  for  each 
10°  C.  rise  in  ambient  temperature  in  the 
range  between -20°  C.  and  0°  C. 

3.  Particle  sublimation  more  than  doubles  when 
the  diameter  is  doubled.  The  percentage 
of  particle  mass  lost,  however,  is  greater 
for  smaller  sizes. 

4.  Sublimation  of  a  single  particle  is  directly 
proportional  to  undersaturation  of  the  en- 
vironment with  respect  to  water  vapor,  when 
radiation  is  neglected. 


5.  Heat  transfer  by  solar  radiation  can  double 
the  particle  sublimation  rate  computed  for 
transfer  by  conduction  and  convection  alone. 

6.  The  increase  in  estimated  sublimation  rate 
at  higher  elevations  is  large  enough  to  be 
important.  For  the  same  temperature,  hu- 
midity, and  ventilation  velocity,  the  rate 
at  4  km  (13,000  feet)  is  about  30  percent 
more  than  that  computed  for  sea  level, 
neglecting  radiation.  When  solar  radiation 
and  its  increase  with  elevation  are  considered, 
the  rate  computed  for  4  km  is  approximately 
50  percent  higher  than  at  sea  level. 

7.  Atmospheric  turbulence  should  cause  sub 
limation  rates  higher  than  those  predicted 
from  laboratory  studies,  but  tentative  cal- 
culations indicate  this  effect  is  not  large, 
for  snow  particles  less  than  1  mm  in 
diameter.  Field  measurements  are  certainly 
needed  to  test  this  conclusion. 


8.  Particle  shape  appears  to  have  less  effect 
on  sublimation  than  most  of  the  factors  conl 
sidered.  The  calculated  rate  for  a  spheroid 
with  a  ratio  of  major  to  minor  axis  as  large, 
as  5,  is  only  10  percent  greater  than  for 
sphere. 


' 


If  a  spherical  ice  particle,  ventilated  at 
100  cm /sec,  starts  sublimating  in  an  environ- 
ment with  90  percent  relative  humidity  at  1000 
mb  pressure  (sea  level)  and  -20°  C,  without 
any  radiation  transfer,  then  increases  in  radia- 
tion, elevation,  turbulence,  and  eccentricity  all 
tend  to  increase  the  sublimation  rate.  Even  if 
all  these  factors  are  neglected,  an  ice  sphere  |cor 
100  fj  in  diameter,  under  the  conditions  above,  |M 
has  a  computed  loss  of  mass  equal  to  approxi-  ^ 
mately  19  percent  of  its  total  weight  in  1  \W 
minute.  This  calculation  indicates  that  thSp 
sublimation  of  blowing  snow  is  important  if1111 
enough  to  explore  further. 

to 


PART  II 
SUBLIMATION  FROM  A  VOLUME  OF  AIR  AND  SNOW 


Having  considered  the  sublimation  of  a 
single  particle,  and  the  importance  of  factors 
that  govern  this  rate,  the  next  question  is, 
how  do  the  results  of  Part  I  apply  to  sub- 
limation rates  from  many  snow  particles  in  a 
volume  of  air?  The  two  major  problems  dis- 
cussed in  this  part  of  the  argument  are  (1) 
effects  of  particle  concentration  on  transfer 
of  heat,  mass,  and  momentum  within  the 
volume;  and  (2).  sublimation  rates  for  a  dis- 
tribution of  particle  sizes.  The  results  show 
that  even  maximum  natural  concentrations  are 
low  enough  that  particle  interactions  can  be 
ignored,  and  particle  sublimation  estimates  de- 
rived in  Part  I  apply  directly  to  each  particle 
within  the  volume  of  air  and  snow. 


A.  Concentration  Effects  on 
Particle  Sublimation 

The  expressions  in  Part  I,  for  sublimation 
of  a  single  particle,  were  based  on  assumptions 
that  humidity  and  temperature  gradients  ex- 
tended to  infinity.  Additional  particles  in  a 
unit  volume  present  sources  of  water  vapor 
closer  to  the  particle  in  question,  and  may 
thus  reduce  the  rate  of  mass  transfer.   As  con- 


centration increases,  the  drag  force  experienced  I 
by  the  particles  increases,  once  the  interparticle 
spacing  becomes  small  enough  that  the  fluid 
boundary  layers   around   the   spheres  interact,  j 
Surrounding  particles  represent  heat  sinks  that 
reduce  the  temperature  gradients  around  a  given 
particle,  and  radiation  scattered  by  other  par- 
ticles   also    modifies    the    heat    transferred  to 
the  particle   in   question.      The   importance  of 
these  effects   on   sublimation  rate  depends  oni 
the  concentration  of  particles. 

1.   Maximum  Natural  Concentrations 

Estimates  of  the  concentration  of  snow* 
in  air  during  transport  are  available  from  the 
experiments  of  Budd  et  al.  (1966)  in  Antarctica. 
If  the  lowest  centimeter  of  snow  drift  is 
neglected,  concentrations  approach  the  mass 
density  of  air,  and  since  this  argument  is 
limited  to  evaporation  of  particles  in  suspended 
transport,  the  maximum  concentration  of  snow 
will  be  taken  as  M  -  oa  .  (Below  1  cm, 
transport  is  mainly  by  saltation  and  creep.) 
The  volume  fraction  of  particles  is  the  ratio 
of  volume  occupied  by  solids  to  the  total  unit 
volume,  denoted  by  (|>.  This  ratio,  multiplied 
by  particle  density  (  p     ),  gives  the  mass  con- 
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entration  of  snow,  M  =  pp  ())  .  For  maximum 
onditions,  where  the  mass  of  snow  is  equal 
3  the  mass  of  air  in  a  unit  volume, ()>=pa/(pa+Pp). 
Jith  pa  =  1-10"3  g/ cm3  and  pp  =  0.9  g/cm3  , 
=  pa/pp  ,  so  only  about  one  thousandth 
f  a  unit  volume  is  occupied  by  snow  at  maxi- 
uim  concentrations  above  the  one  centimeter 
jvel. 


.    Correlations  of  Concentration  and  Transfer 
Processes 

Studies  which  correlate  mass  transfer  with 
oidage  (1  -  (J) )  show  that  even  the  maximum 
oncentration  of  snow  expected  above  1  centi- 
leter  would  cause  no  important  reduction  in 
lass  transfer  due  to  particle  interaction.  These 
leasurements  were  made  by  Chu  et  al.  (1953), 
lullin  and  Treleaven  (1962),  and  are  sum- 
larized  by  Soo  (1967).  Marshal  and  Langleben 
1954)  expressed  the  effect  of  a  cloud  of  water 
rops  on  the  growth  of  an  ice  crystal  by  a 
2rm  equal  to  the  sum  of  all  drop  radii  in  a 
urrounding  unit  volume.  This  approach  also 
;ads  to  the  conclusion  that  the  concentrations 
resent  during  snow  transport  by  wind  do  not 
ignificantly  reduce  mass  transfer  from  that 
f  an  isolated  sphere. 

The  correlation  of  drag  coefficient  with 
Reynolds  number,  at  the  voidage  level  cor- 
esponding  to  maximum  snow  concentration, 
idicates  no  measurable  increase  in  drag  at 
'eynolds  numbers  less  than  200  (Soo  1967, 
ig.  5.2).  If  drag,  and  thus  relative  velocity, 
re  not  altered,  then  convection  effects  on  par- 
icle  sublimation  are  independent  of  snow  con- 
entration  under  natural  conditions. 

No  studies  that  correlated  voidage  with 
(induction  and  convention  of  heat  were  found, 
lowever.  no  important  changes  in  these  modes 
if  heat  transfer  are  expected,  even  at  maximum 
oncentrations  of  snow  in  turbulent  suspension. 
?his  inference  depends  on  the  close  analogy 
tetween  mechanisms  of  heat  and  mass  transfer 
luring  particle  sublimation.  The  nearly  identical 
ralues  of  Nusselt  and  Sherwood  numbers,  noted 
n  [6],  strongly  support  the  conclusion. 

Heat  transfer  by  radiation  is  a  completely 
lifferent  process,  and  the  argument  reaches  no 
lear  conclusion  in  this  case.  If  each  snow 
(article  in  a  volume  of  air  receives  only  radi- 
tion  from  outside  the  volume,  and  none  of  the 
adiation  scattered  by  surrounding  particles,  the 
irocess  is  called  "single  scattering,"  and  heat 
ransfer  by  radiation  is  independent  of  particle 
oncentration.  Multiple  scattering  occurs  within 
he  volume  when  the  particles  interact.  Based 
»n  remarks  by  van  de  Hulst  (1957),  single 
cattering  probably  applies   over  most   of  the 


natural  snow  concentration  range,  and  can 
certainly  be  made  to  apply  in  calculations,  by 
limiting  the  dimensions  of  the  volume 
considered. 

In  summary,  concentrations  of  natural  wind- 
blown snow  particles  are  small  enough  that 
particle  interactions  can  be  ignored  for  estimates 
of  the  rate  at  which  snow  sublimates  in  a 
volume  of  air.  Thus,  within  the  limits  of 
optical  path  length  to  which  single  scattering 
applies,  the  sublimation  rate  for  a  volume  is 
simply  the  sum  of  individual  particle  rates. 
If  the  mass  of  snow  per  unit  volume  (M) 
is  composed  of  N  uniform  spheres,  each  with 
mass,  m,  sublimating  at  a  rate,  dm/dt,  then  a 
good  approximation  of  the  total  sublimation 
from  particles  in  the  unit  volume  would  be 
Ndm/dt  =  (M/m)dm/dt. 


B.    Effect  of  Nonuniform  Particle  Sizes 

Size  distributions  of  windblown  snow  par- 
ticles measured  by  Kojima  (1969),  Budd  et  al. 
(1966),  and  Lister  (1960),  show  that  sizes  range 
from  a  few  microns  up  to  300  /x  or  more.  The 
more  recent  studies  also  show  skewness  of  the 
size  distributions  toward  smaller  particles.  Be- 
cause the  sublimation  rate  depends  strongly 
on  particle  size,  it  is  important  to  take  the 
distribution  of  sizes  into  account  in  this  model. 


1.    General  Relationships  for  Nonuniform  Sizes 

Suppose  a  unit  volume  of  air-snow  mixture 
contains  N  snow  particles  which  have  a  total 
mass  M.  A  nominal  particle  diameter,  x,  may 
be  defined  so  that  the  particle  mass  is  given 
by  m  =pp(ttx3/6).  Let  some  function  f  (x) 
describe  the  frequency  distribution  of  nominal 
diameters  in  the  unit  volume.  Then  the  num- 
ber of  particles  with  nominal  diameters  in  the 
range  x  to  (x  +  dx)  is  N^(x)dx,  the  total 
number  of  particles  times  the  relative  frequency 
for  that  increment  of  the  particle  size  distribu- 
tion. Multiplying  the  mass  of  a  particle  with 
diameter  x  and  the  number  of  particles  in  this 
size  increment  gives  the  mass  of  all  particles 
with  diameters  from  x  to  (x  +  dx) 


M     =    (p    ttx    /6)N      f(x)dx 
x  p 


[15] 


Integrating  [15]  with  respect  to  particle  size, 
and  rearranging  terms,  the  total  number  of 
snow  particles  in  the  unit  volume  is 


N  =  M/[(p    tt/6)    /„ 


/(x)xJdxJ 


[16] 


1   1 


This  relation  determines  the  number  of  particles 
in  a  unit  volume  of  air  and  snow  when  the 
mass  concentration  and  particle  size  distribution 
are  known. 

Let  (dm/dt)x  denote  the  sublimation  rate 
for  a  particle  with  nominal  diameter  in  the 
range  from  x  to  (x  +  dx).  Then  the  rate  of 
sublimation,  (dM/dt)  x  for  the  mass  associated 
with  this  particle  size  increment,  is  equal  to 
the  number  of  particles  of  this  size,  multiplied 
by  the  single  particle  sublimation  rate, 


(dM/dt) 


(dm/dt)    N/(x)dx 
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Summing  rates  from  all  particle  size  increments 
gives  the  sublimation  rate  for  the  unit  volume, 
so  that  by  integrating  [17]  with  respect  to 
particle  diameter, 


(dM/dt)    =    n/0° 


(dm/dt)      f(x)dx 


18] 


This  is  a  general  expression  for  the  rate  at 
which  a  mass  of  nonuniform  particles  sublimates 
in  a  unit  volume  of  air  and  snow.  The  func- 
tional form  of  (dm/dt)  x  was  discussed  in 
Part  I.  Possible  forms  for  the  distribution 
function,    f  (x)  are  considered  below. 


2.   Specific  Size  Distributions 

Studies  that  report  size  distributions  for 
drifting  snow  are  too  few  to  assure  a  general 
distribution  function.  Several  reasonable  forms 
are  discussed  here,  and  evaluation  of  [18] 
with  the  two-parameter  gamma  function  sug- 
gested by   Budd    (1966)    provides   an   example. 

An  exponential  function  that  depends  on 
precipitation  rate  and  crystal  type  describes 
the  size  distributions  of  aggregate  snowflakes 
during  precipitation,  according  to  measurements 
byGunn  and  Marshall  (1958)  and  Ohtake  (1970). 
Within  a  few  hours  after  snowfall,  the  number 
of  windblown  snow  particles  in  a  size  class 
decreases  exponentially  with  increasing  size.  4 
This  work  shows  that,  after  several  hours  of 
snow  drifting  without  precipitation,  a  log- 
arithmic-normal function  provides  a  better 
description  of  the  drift  particle  size  distri- 
butions. 

Budd  (1966)  shows  that  the  log-normal 
function  gives  a  fair  approximation  to  the  size 
distributions    reported    in   Budd   et   al.    (1966). 


Schmidt,  R.  A.  Distributions  of  snow  particle  size 
during  wind  transport  over  a  ridge.  (Manuscript  in 
preparation  at  Rocky  Mt.  Forest  and  Range  Exp.  Stn., 
Fort  Collins,  Colo.) 


For  his  calculations  of  drift  content,  however 
Budd  used  a  two-parameter  gamma  functioi 
which  gave  as  good  a  fit  to  the  size  distribu 
tions,  and  was  mathematically  more  convenien 
for  his  purpose.  Following  his  suggestion,  th 
distribution  of  particle  size  is  specified  as 


Kx)dx 


3°r(a) 


-x/f 


dx 


19 


where  a  and  /3  are  the  parameters  of  the  dis 
tribution,  such  that  a /3  is  equal  to  the  mean 
and  r(a)  is  the  complete  gamma  function 
The  shape  parameter  is  a  ,  and  0  is  the  scab 
parameter  (Thorn  1958). 

With  a  specified  particle  size  distribution 
[16]  will  yield  an  expression  for  the  numbe 
of  nonuniform  particles  in  a  unit  volume.  Sut 
stituting  the  expression  [19]  for/(x)  in  [16*, 
gives  the  number  of  particles  in  terms  of  mas 
concentration  and  particle    size: 


M/ 


(P     7T/6)f 
_     P 


-x/B     (a+3)-l 


6   r(a) 


dx 


2C 


By  the  definition  of  a  gamma  variate  and  th  i 
fact  that  the  area  under  a  distribution  functioi 
must  equal  unity,  [20]  can  be  solved  to  giv 
the  number  of  particles  per  unit  volume  i  I 
terms  of  the  mass  concentration  of  snow  anij 
the  parameters  of  the  size  distribution, 


N   =  M(6/p    Tt)[r(a)/r(a  +   3)]6 


[2::; 


The  sublimation  rate  of  this  particular  distribi 
tion  of  particles  is  determined  from  [18].   Trt 
integration  cannot  be  performed,  however,  unt 
a  relationship  between  particle  size  and  venU 
lation  rate  is  formulated. 


3.    Particle  Size  and  Ventilation  Velocity 

A  ventilation  rate  equal  to  the  particle  f; 
velocity  was  assumed  in  Part  I,  when  tl 
effects  of  turbulent  air  accelerations  we 
neglecied.  Continuing  with  this  tentative  j| 
sumption,  a  deterministic  relationship  betwe 
particle  size  and  fall  velocity  will  admit  inl=| 
gration  of  [18]. 

Mellor    (1965)    summarizes   the   problem 
expressing  the   fall  velocities  of  drifting  snc  I 
in  terms   of  particle   size.     For  diameters  le 
than  60  /x  ,  particles  obey  Stokes'  Law  reaso  )| 
ably  well,  and  fall  velocity  is  proportional 
the  second   power   of  diameter.     In  the  ran]  ' 
between  100  yuand  1  mm,  fall  velocity  is  direcl 
proportional    to    the   first   power   of  diamet 
Although    drifting   snow   particles   larger  thtj 
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L.5  mm  usually  are  not  transported  by  turbulent 
suspension,  such  particles  fall  at  speeds  pro- 
portional to  the  square  root  of  diameter. 
Recognizing  that  transitions  must  occur  between 
hese  ranges,  Mellor  suggested  the  relation, 
v  =  \v  0  exp(-x0/x),  for  fall  velocities  of  drift 
jarticles  less  than  about  5  mm  diameter.  In 
his  expression,  w0  is  the  terminal  velocity  of 
arge  particles  with  x0  diameter. 

In  his  analysis,  Budd  (1966)  assumed  the 
all  velocity  of  all  suspended  drift  particles  was 
v  =  C2x,  noting  that  this  relationship  would 
)e  in  error  for  the  small  particles.  Depending 
)n  particle  shape,  the  proportionality  constant 
2  2  was  between  2440  sec  and  3880/sec,  the 
atter  applying  to  spherical  particles.  This 
issumption  is  used  in  the  following  calculation, 
vhich  does  not  warrant  the  more  complicated 
•elation  suggested  by  Mellor. 


Calculation   of  Volume   Sublimation   Rate 


arctic  measurements  by  Budd  et  al.  (1966). 
The  mass  of  snow  (M)  in  the  given  volume 
would  be  0.01  g. 

If  the  distribution  of  sizes  is  approximated 
by  [19],  then  parameters  a  and  /S  must  be 
specified.  Budd  (1966)  obtained  values  of  the 
shape  parameter  (  a  )  near  15.  Calculations 
here  are  for  several  mean  diameters(x  =  aB), 
with  a  =  15,  so  that  only  the  scale  parameter 
(  /3)  varies.  These  distributions  are  plotted  in 
figure  8. 

Nighttime,  or  minimum  radiation  transfei 
(Q  =  0)  is  assumed,  and  particle  shape  effects 
are  neglected  so  that  equation  [5]  is  used  in 
place  of  [12]  to  express  single  particle  sub- 
limation. If  [5]  and  [6]  are  combined,  the 
expression  is 


dm 

dt 


C    [1.88x  +   0.58x    (Vx/v)    '  2] 


221 


where  the   mathematical   presentation   is   con- 
siderably reduced  by  the  substitution 


To  estimate  a  sublimation  rate  by  [18], 
irst  the  total  mass  of  snow  in  the  volume  of 
iir  is  required.  With  this  value  for  M,  and  a 
ize  distribution  function,  such  as  [19],  the 
lumber  of  particles  in  the  volume  can  be 
alculated  from  [16].  Finally,  an  expression 
or  single-particle  sublimation,  such  as  [12] 
lerived  in  Part  I,  is  combined  with  some  re- 
ation  between  particle  size  and  ventilation 
velocity  to  give  an  integrable  expression  for 
dm/dt)x  in  [18]. 

As  an  example,  suppose  the  volume  of 
nterest  is  a  horizontal  layer  of  snow  and  air, 
cm  thick  and  1  m  square.  (The  reason  for 
onsidering  these  dimensions  becomes  apparent 
n    Part    III.)  If  this   layer   is  located  1  m 

ibove  a  horizontal  snow  surface,  then  a  snow 
oncentration  of  1  g/m3  might  be  expected 
or  15  m  sec  wind  velocities,  according  to  Ant- 
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KT 

RT 

[23] 


Dps(T) 


Assuming  that  ventilation  velocity  is  equal  to 
particle  fall  velocity  (V  =  w),  and  further,  that 
fall  velocity  is  directly  proportional  to  particle 
diameter  (w  =  C2  x),  the  rate  of  sublimation 
for  a  spherical  particle  is 

1/     j 

(dm/dt)      =   C n[1.88x  +  0.58    fC./v)      2x   ]    [24] 
x  1  I 

For  all  particles  in  the  unit  volume,  the  sub- 
limation rate  is  estimated  by 


(dM/dt)    =  [NC    /B   r(a)]/    [1. 


x  +   0.58 


(C    /v)      ^    xz  |e  x        dx 
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'igure   8. — These  particle     size 
distributions   are      used  for   the 
calculations  in     table  1   and 
figure   9.      The   two-parameter 
gamma   function  has   a  mean   X  =   ctt 
The   value   a  =   15   was    taken   for 
all    distributions . 
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where  N  is  computed  from  [21]  and  C1?  de- 
fined by  [23],  is  constant  for  a  given  set  of 
temperature,  pressure,  and  humidity  conditions. 

The  results  of  evaluating  [25]  for  the  several 
size  distributions,  sublimating  at  -20°  C,  1000 
mb  and  90  percent  relative  humidity,  are  shown 
in  figure  9.  A  value  of  C  2  =  3880/sec  was 
used  for  spheres,  and  particle  density  was 
assumed  equal  to  0.92  g/cm 3  .  Sublimation 
rate  increases  markedly  when  the  same  mass  of 
snow  is  composed  of  particles  with  smaller  and 
smaller  mean  diameters.  Skewness  of  size  dis- 
tributions toward  smaller  diameters  has  the 
same  effect  of  increasing  surface  area  and 
thus  sublimation. 

An  average  particle  sublimation  rate  may 
be  computed  by  dividing  the  total  number  of 
particles  into  the  volume  sublimation  rate. 
Equating  this  value  and  the  righthand  side  of 
[24]  gives  the  diameter  of  a  particle  with  the 
average  sublimation  rate.  These  calculations 
were  carried  out  for  the  four  distributions  in 
figure  8  (table  1).  Average  sublimation  diam- 
eters are  nearly  the  same  as  the  distribution 
mean   diameters  for  these  examples. 


C.   Summary 

Concerning  the  effect  of  snow  concentration 
on  transfer  processes,  the  following  conclusion 
was  drawn: 

1.  For  heights  greater  than  1  cm  above  the 
snow  surface,  natural  windblown  snow  con- 
centrations are  too  low  to  have  an  effect 
on  heat,  mass,  and  momentum  transfer,  so 
that  the  relations  developed  for  a  single 
sphere  in  Part  I  apply  to  each  particle  in  a 
volume  of  drifting  snow.  It  follows  that  the 
total  sublimation  of  snow  in  a  volume  is 
the  sum  of  the  sublimation  rates  for  each 
particle  as  if  it  were  isolated. 
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Figure   9. — The  sublimation  of  a   given  mass  of 
snow  greatly  increases  as   the  mean  particle 
diameter  decreases  according  to   this  plot. 
Equation    [25]    was  evaluated  with   the  size 
distributions  in  figure   8   to  estimate   the 
sublimation  rate  of  0.01   gram     of  snow  in  a 
10     cubic  centimeter  volume  at   -20°   C.    and 
1000   mb.      Water   vapor  density  was   again   90 
percent  of  saturation  over  ice. 


Introduction   of  a  particle  size  distributio: 
produced  calculations  summarized  by  figure  9 
which  led  to  the  conclusion  that: 
2.  Sublimation  of  a  mass  of  snow  in  a  volume 
of  air  is  extremely  sensitive  to  the  distributioi 
of   particle    sizes,    due  to   the  surface  are;> 
relationship.      However,  there  is  apparent!; 
little  error   in  computing  sublimation  for  P 
spheres  with  the  same  diameter  as  the  meai 
of  the  distribution,  at  least  for  the  distributioi' 
function  and  sizes  considered. 


Table    1 . --Compari son   of   average   sublimation   diameters,    x 


Mean 
d  i  ameter 
(x  in  u) 

Total 

number 
N 

Vol ume 

sub  1 imat  ion 

rate  (dM/dt) 

in  g/sec 

Average 

part  icle 

rate  (dM/dt)/N 

in  g/sec 

Average 

subl imat  ion 

di  ameter 

(x   in  y) 

100 

17,220 

2.19-10"5 

1  .272- 10"9 

102 

80 

33,690 

3.17-10"5 

9.409-10"10 

81 

60- 

79,850 

5.18-10"5 

6.487-10"10 

61 

ko 

189,300 

8.59-10"5 

if.538-10"10 

hS 
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PART    HI 
SUBLIMATION   IN   A   VERTICAL  COLUMN  OF  DRIFTING  SNOW 


Natural  concentrations  of  drifting  snow  de- 
rease  very  rapidly  with  height,  and  average 
(article  size  also  becomes  smaller  in  the  first 
ew  meters  above  a  snow  surface.  When  these 
hanges  are  expressed  as  a  function  of  the 
nean  wind  velocity  profile,  the  volume  sub- 
imation  rate  (Part  II)  can  be  integrated  with 
leight,  to  predict  the  sublimation  rate  in  a 
'ertical  column  of  drifting  snow.  Evaluation 
>f  this  general,  steady-state  equation  indicates 
hat  water  losses  through  the  sublimation 
irocess  are  potentially  quite  important  in  a 
vater  balance.  The  vertical  fluxes  of  heat  and 
vater  vapor  required  to  maintain  a  steady  state 
>rovide  an  interesting  set  of  conditions  for  the 
vertical   profiles  of  temperature  and  humidity. 


A.    General  Equation  for 
Steady-State  Sublimation 

When  snow  is  drifting,  speeds  are  high 
mough  that  the  vertical  profiles  of  wind  in 
he  first  10  meters  above  a  horizontal  surface 
ire  very  well  expressed  by 


particles  have  the  same  mass.  (Sommerfeld 
and  Businger  (1966)  presented  measurements 
which  cast  some  doubt  on  the  assumption 
that  particle  diffusivity  and  eddy  viscosity  are 
equal.  However,  as  Radok  (1968)  points  out, 
their  measured  particle  fall  velocities  seem 
unreasonably  high,  which  could  account  for 
the  discrepancy.  If  particle  "slip"  is  negligible, 
the  assumption  should  be  valid,  and  the  argu- 
ment will  continue  with  caution.) 

Budd  (1966)  assumed  that  particles  in  each 
small  size  class  were  distributed  with  height 
according  to  [27].  Photoelectric  particle  counter 
measurements5  support  this  assumption.  When 
N2X  denotes  the  number  of  particles  at  some 
height  z,  in  a  nominal  diameter  class  x  to 
(x    +    dx),    this   assumption   is   formalized   by 


NZx    (z/Z) 


-w/ku. 


[28] 


Then  if  f(x)  is  the  distribution  function  of 
nominal  diameters  in  a  unit  volume  at  the 
reference  height  (Z),  the  number  of  particles 
in  a  size  class  at  that  height  is  N 
and  thus 


Zx 


Nz/(x)dx 


(u.,/k)    ln(z/z  J 


[26] 


iccording  to  the  Antarctic  measurements.  The 
nean  horizontal  wind  component  (  u  )  is  pro 
jortional  to  the  natural  logarithm  of  height 
z)  measured  vertically  from  the  surface.  A 
xiction  velocity(u*  =  /x0/pa  ), defined  by  the 
■atio  of  surface  shear  stress  to  air  density,  and 
/on  Karman's  constant  (k  =  0.4)  determine  the 
aroportionality  factor.  The  integration  constant 
(z0  )  is  often  called  a  "roughness  parameter" 
Decause  its  value  depends  on  conditions  of  the 
norizontal  surface. 

For  this  windspeed  profile  relation,  the 
iddy  viscosity  is  e  =  ku.vz  .  Shiotani  and  Arai 
11953),  and  Loewe  (1956),  assumed  the  eddy 
liffusivity  of  uniform  snow  particles  was  equal 
o  the  eddy  viscosity.  Then,  equating  the 
/ertical  flux  of  snow  by  turbulent  exchange 
with  the  downward  flux  due  to  gravity  pro- 
/ides  an  expression  for  the  relative  number 
)f  particles  at  any  height,  in  the  form 


N   /N_ 
z      Z 


(z/Z)-w/ku* 


[27] 


N        =   N    (z/Z)    W/ku*    #(x)    dx 
zx  Z 


[29] 


For  all  panicles  at  height  z,  with  nominal  diam 
eters  between  x  and  (x  +  dx),  the  sublimation 


rate  is  ( dM/dt : 


N  zx    (dm/dt)x  ,  or 


(dM/dt)         =   N„(dm/dt)     (z/Z)' 
zx  Z  x 


>7/ku 


■*£(x)    dx       [30] 


Integrating  this  expression  with  respect  to  nomi 
nal  diameter  (x)  gives  a  relationship  for  volume 
sublimation  rate  at  height  z  as 


(dM/dt) 


(dm/dt)    (z/Z)    Wku*   #(x)dx[31] 


The  final  step  toward  a  general  steady  state 
expression  for  sublimation  within  a  vertical 
column  of  drifting  snow  is  to  apply  [31]  to  a 
small  volume  with  vertical  increment  dz,  and 
integrate  with  height,  to  get  (dM/dt)  c  ,  the 
total  rate  for  the  column  as 


(dM/dt)       =    N   /Z   f"   (dm/dt) 

(z/Z)"w/ku*/(x)dxdz 


[321 


nhe  number  of  particles  (Nz  )  at  some  refer- 
nce  height  (Z)  must  be  known  to  evaluate 
lz  from  [27].  This  equation  also  holds  for 
he   mass    concentration    ratio   as  long  as   all 


5  Schmidt,  R.  A.  Distributions  of  snow  particle  size 
during  wind  transport  over  a  ridge.  (Manuscript  in 
preparation  at  Rocky  Mt.  Forest  and  Range  Exp.  Stn., 
Fort  Collins,  Colo.) 
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Evaluation     of    this    expression    requires    the 
following: 

a.  the  mass  or  number  concentration  at  the 
reference  height,  to  provide  Nz  ; 

b.  a  functional  expression  for  the  size  distri- 
bution,  £(x); 

c.  at  least  two  points  on  the  wind  profile,  to 
determine  the  friction  velocity,  u  *  ; 

d.  some  expression  for  particle  fall  velocity 
(w)  in  terms  of  the  nominal  particle  diam- 
eter (x); 

e.  an  integrable  relation  for  the  single  particle 
sublimation  rate. 

B.   Calculations  for  Constant 
Temperature  and  Humidity 

The  objective  of  evaluating  [32]  at  this 
point  is  to  demonstrate  the  potential  magnitude 
of  drift  snow  sublimation,  even  under  relatively 
cold,  moist  conditions.  Calculations  are  for  a 
vertical  column,  1  meter  square  in  horizontal 
cross  section  and  extending  from  1  cm  to  10  m 
above  the  horizontal  snow  surface.  Average 
windspeed  at  10  m  is  15  m/sec,  friction  velocity 
(u*)  is  52  cm/sec,  and  Z  =  1  m  is  specified 
for  a  reference  height.  As  in  Part  II,  the  mass 
of  snow  in  a  1  cm  layer  at  this  level  is 
assumed  to  be  0.01  g,  with  particle  sizes 
distributed  as  a  two-parameter  gamma  function 
where  n  =  15,  and  x  =  100  /x  .  The  number 
of  particles  (Nz  )  in  this  layer  has  been  cal- 
culated as  17,220. 

Since  sublimation  depends  strongly  on  par- 
ticle surface  area,  and  therefore  particle  con- 
centration, the  vertical  drift  concentration  pro- 
file is  an  important  part  of  sublimation  cal- 
culations for  a  column.  A  general  equation  for 
the  mass  of  snow  in  a  layer  at  any  height  z 
may  be  derived  from  [29]  as 


(np    /6)    f 

P  o 


.     .      -w/ku      3.,    v     , 
(z/Z)  *x   f(x)    dx 


331 


When  Budd's  assumptions  for  fall  velocity 
(w  =  C2  x)  and  size  distribution  [19]  are  made, 
the  drift  concentration  profile  is  given  by 

Mz   =  Mz    (1  -   C23/kuAln   z/Z)"(a+3)         [34] 

Figure  10  compares  the  average  of  profiles  meas- 
ured by  Budd  et  al.  (1966,  p.  95),  for  14.5 
m/sec  mean  windspeed,  with  the  concentration 
profile  computed  by  [34].  To  obtain  a  reason- 
able prediction,   the  value  C  2    =  2440/sec  had 


to    be   used.      The   value   C 


3880 /sec  (for 


spheres)  predicted  too  rapid  a  decrease  in  con- 
centration with  height.  (One  should  not  con- 
clude too  much  about  particle  shape  from  the 


comparison,  since  the  assumption  w  =  C2J 
only  roughly  approximates  the  truerelationshij 
for  much  of  the  size  range.) 

An    estimate    of  the   mass   transfer   shapofl 
factor  (C  in  Part  I),  which  corresponds  to  thnjj 
value    of  C  2  =  2440/sec,  can  be  derived  fron 
drag  coefficient  -  Reynolds  number  correlation;: 
for   irregular   particle   shapes.     One  such  com 
pilation  of  measurements  is  presented  inRepor 
12  of  the  Subcommittee  on  Sedimentation  (Inter 
Agency  Committee  on  Water  Resources  U.S.A. 
1958).    Comparisons  of  fall  velocities  predictei 
by    w    =    C  2  x   with   those   given   by  the  draj 
curve  for  different  particle  shapes  indicate  thai 
the  capacitance   C  would  be  only  about  4  per 
cent  greater  than  for  a  sphere  (C  =  x/2),  evei j 
when  C  2  =  2440/sec.   The  conclusion  is:    evert! 
though  particle  shape  plays  an  important  rol 
in   determining  the  drift  concentration  profile 
no  large  error  in  sublimation  rate  is  introduce 
when    single    particle   rates   are   computed  fo 
the  spherical  case. 

This  conclusion   leads   to  the  particle  sub- 
limation    rate    equation    [8],   which,   with    [6 
and   the   assumption   w   =    C2x,  again  result; 
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Figure   10. — The      snow     concentration     profile 
computed  from     equation    [34]      with  C     = 
2440/sec  compares   reasonably   with    the   averai 
drift   density  profile  reported  by  Budd  et 
al.     (1966)    for  windspeeds  near  14.5   m/sec. 
Values    used  in    the   calculations   included  a 
10 -m  windspeed  of  15   m/sec,    u^   =  52   cm/sec, 
a  =  15   and   x  =   100   microns.      The   drift   den- 
sity  at    the   reference   level    Z   =   1    m  was 
assumed   to  be   M  =  0.01   g/10^cm^. 
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n  [24]  for  particle  sublimation  without  radia- 
ion  (Q  =  0).  When  this  expression  for 
dm/dt)x,  and  the  distribution  function  [19], 
re  substituted  in  [31]  the  sublimation  within 
.  layer  at  height  z  is 


=  Nzci 

z      ear(cO  j 


[1.88x     +  0.58(C2/v) 


V2 


351 


a+1,     (C.a~l/6)x, 
x  le      2  dx 


vhere  the  substitution  a  =  (1  ku  * )  lnz/Z  has 
ieen  used  with  the  identity,  (z/z)_c2x/ku*  = 
xp   (c  ax) .      Evaluating  the  integral  gives 


fl       =   NzClx(l   -    C2a6)-(a+1)[1.88  4 
'  z 

0.58(Co/v)    /2(x+B)/(l-C„aB)] 


[36] 


pression  for  the  total  column  sublimation.  An 
approximation  has  therefore  been  obtained  by 
summing  the  sublimation  rates  computed  by 
[36]  for  each  of  the  layers  1  cm  thick  and  1  m 
square  that  make  up  the  column  of  drift  snow 
being  considered.  For  this  example,  the  varia- 
tion of  volume  sublimation  with  heightis  plotted 
in  figure  11,  which  illustrates  the  strong  influ- 
ence of  the  concentration  profile.  The  mass  of 
snow  computed  from  the  concentration  profile 
was  14  g  for  the  column,  and  the  estimated 
sublimation  rate  (dM/dt)c  was3.9'10-2  g/sec. 
Neglecting  the  strong  influence  of  radiation, 
even  at  -20°  C.  and  90  percent  relative  humidity, 
the  estimated  snow  sublimation  rate  is  0.28 
percent  each  second,  which,  if  conditions  were 
somehow  maintained,  would  be  almost  17  per- 
cent per  minute. 


C.   Vertical  Fluxes  under  Steady  Conditions 


rhe  final  step  of  integrating  [36]  with  respect 
o  height  does   not  lead  to  an  analytical  ex- 
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Figure   11. — Assuming   the  humidity  is   constant 
with  increasing  height    (in   this   case,   90 
percent  of  the  saturation   value  over  ice  at 
-20°    C),    the   sublimation   rates   in   1-centi- 
meter layers  of  a  column  of  air  and  snow 
show  a  variation  with  height  similar   to  the 
snow  concentration  profile.      Values   in    this 
figure  were  computed  by  equation    [36]    for 
the  calculated  concentration  profile  in 
figure   10. 


To  maintain  steady  humidity  and  tempera- 
ture conditions  within  the  column  of  drifting 
snow,  water  vapor  must  be  removed,  and  heat 
added,  at  rates  that  balance  the  sublimation 
process.  With  no  horizontal  gradients  of  vapor 
or  temperature  (steady  state),  turbulent  transfer 
of  vapor  to  the  atmosphere  above  the  column 
requires  a  vertical  humidity  gradient.  Heat  is 
added  to  the  column  from  the  snow  surface 
by  turbulent  exchange  along  a  vertical  tem- 
perature gradient  (forced  convection),  although 
both  direct  and  reflected  solar  radiation  may 
also  transfer  heat  to  particles  in  the  column. 
Thus,  radiation  and  the  vertical  temperature 
and  humidity  profiles  interact  with  the  sub- 
limation profile  to  establish  an  equilibrium  in 
this  steady  state  model. 


1.   Humidity  Profile 

If  the  humidity  of  some  thin  horizontal 
layer  in  a  column  of  drifting  snow  remains 
constant  with  time,  the  sublimation  rate  of 
that  layer  must  be  matched  by  an  increase 
in  the  vertical  water  vapor  flux  across  the 
layer.   Thus 


;  e 

3z 


[37] 


where  E  denotes  the  vertical  vapor  flux  due  to 
turbulent  exchange.  Following  Priestly  (1959), 
the  vertical  flux  of  water  vapor,  E,  is  written 


E  = 


■p  K.   (cftr/3z) 
aw 


[38] 
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where  q  is  the  specific  humidity  (the  mass  of 
water  vapor  divided  by  the  mass  of  moist  air) 
and  K  w  is  the  eddy  diffusivity  for  water  vapor. 
Similarly,  for  momentum  flux  \  and  eddy 
visco_sity  (K  m  )  the  defining  equation  is  t  =  pa 
KmOu/3z) .  Specific  humidity  may  be  written  as 
q  =  P/pa  and  when  the  density  of  moist  air 
(pa)  is  considered  constant  over  the  column 
height,  the  humidity  gradient  is(3p/3z)=pa(  3q/8z)- 
If  one  makes  the  basic  assumption  that  eddy 
diffusivity  is  equal  to  eddy  viscosity  (Kw  =  Kra)  , 
the  vertical  vapor  flux,  in  terms  of  the  humid- 
ity and  windspeed  gradients,  is 


_T     p   Orr/8z) 


pa 

Recalling  that 
be  rewritten 


(9tt/8z) 


Uj. 


/T7f 


-u^   Op/8z)/Ou/3z) 


[39] 
,  the  flux  may 

[40] 


where  the  profile  of  specific  humidity  has  been 
written  in  terms  of  vapor  density  or  absolute 
humidity,  p  .  From  the  logarithmic  wind  pro- 
file, the  windspeed  gradient  is  (3u/9z)  =  u^/kz  , 
neglecting  the  zero  displacement  z0.  So,  for 
conditions  of  interest  here  (near  neutral  stabil- 
ity), the  vertical  vapor  flux  is  estimated  from 


-u.j.kz(3p/3z) 


'411 


By  definition  o  h  (p/psT-i),and  thus  3p/3z  =  psT 
3o/9z  so  [41]  may  be  written  as  e  =  -(u^kp  )z 
(3a/3z)  and  differentiation  gives 


3E 
3z 


^stM*!^    + 


da 


421 


The  equilibrium  condition  [37]  equates  [42] 
with  the  general  expression  [31]  for  (dM/dt)  z 
to  give  a  differential  equation  for  the  humidity 
profile. 


32o+   1   3o   +  Z 

3z  z    3z        u*kP 


sT 


(dm/dt) 


[43] 


(z/Z)""7^*    £(x)dx   =    0 


Single  particle  sublimation  (dm/dt)  x  also  con- 
tains the  variable  o  ,  and  for  the  steady  state, 
this  equation  is  an  ordinary  differential  equation 
of  second  order,  with  variable  coefficients.  If 
P,  <2,  and  R  denote  functions  of  height,  and 
a  prime  indicates  differentiation  with  respect 
to  z,  [43]  has  the  general  form 

a"  +  Pa'    +  Qa     =  R  [44] 

where    R     =    0    when    radiation  is   neglected. 


Perhaps  because  of  the  unfortunate  combination 
of  assumptions,  no  solution     for  the  humiditj 
profile    was     obtained    with     the    assumption 
w   =    C  2  x   and  the  two-parameter  gamma  dis- 
tribution  for    f(x).      Nevertheless,   a   genera 
picture    of    the    humidity  profile   curvature  is 
gained  from  the  vertical  vapor  flux  equation  [  41] 
If  humidity  decreases  in  direct  proportion  t( 
the   logarithm  of  height  (say  p  =  psT  -  Alnz)  : 
then  the  humidity  gradient  is   inversely  pro ■'tii 
portional  to  height  (3p/3z  =  -A/z)  ,  and  accord  £ 
ing  to   [41],   the   vapor  flux   is   constant   witt  »j 
height.    However,  to  exhaust  the  vapor  created 
by   sublimation,   E  must  increase  with  height  ' 
to   match /z(dM/dt)zdz  as  shown  by  figure  12 .' 
Therefore"  the  humidity  profile  must  be  sue!  j 
that    z3p/3z    increases  with  height,  rapidly  ail 
first.      Such  a  profile  is  sketched  in  figure  13i 
along    with   the  logarithmic  humidity  profile 
Since  the  sources  of  water  vapor  are  distributer 
with   height,   the  vertical  humidity  profile  iii 
drifting  snow  might  resemble  that  in  a  layer  o, 
transpiring  vegetation. 


Summation  of  . 
sublimation  rate 
* 
XfdM/dt), 


'* 


0  O.OI  0.02 

Water  vapor  exchange (g/sec) 


Figure  12. — A  logarithmic  humidity  profile 
should  correspond  to  constant  vertical   vapcil 
transport  with  height.      However,    the   total    ] 
sublimation  increases  with  height  so  that 
such  a  humidity  profile  would  not  indicate    j 
the  required  balance  between  vertical   vapoi  j 
flux  and  sublimation  rate.      The  humidity 
profile   used  in   these  calculations  was  oz  > 
a10o    (1   +  0.217 In   z/Z) ,   where  a10o   is   the 
undersaturation  at  100  cm,    (taken  as  0.1).    \ 
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igure    13. --To     maintain   a   balance      between 
steady-state   vertical    vapor   transport   and 
sublimation   of  blowing  snow,    the  humidity 
profile   is   expected   to  be   similar  in   shape 
to   the  one   sketched  here. 


,   Temperature  Profile 

For  the  vertical  heat  flux  (H),  a  defining 
quation  analogous  to  [38],  is  given  by  Priestley 
1959)  as 


H   = 


■p     C     K, 

a      p      h 


^+6 

dz 


[45] 


'he  turbulent  heat-transfer  coefficient  is  K  h  , 
nd  the  adiabatic  lapse  rate  (  9 )  is  approxi- 
lately  -0.01°  C/m.  Then,  with  the  logarithmic 
and  profile  and  the  assumption  that  Kh=K  m, 
tie  equation  becomes 


H  = 


'1 


+   0 


[46] 


'o  maintain  a  steady  sublimation  rate  within 
ome  layer  at  height  z,  the  amount  of  heat 
equired  is  Ls  (dM/dt)  z  .  If  this  heat  is  trans- 
2rred  to  the  layer  entirely  by  turbulent  ex- 
hange,  the  vertical  heat  flux  is  reduced  by 
his  amount  across  the  layer  so  that  the  equi- 
brium  condition  is 


•pi  =   -L    (dM/dt) 
3z  s  z 


'471 


>ifferentiating  [46]    provides   the  steady-state 


equation  for  the  temperature  profile  in  a  form 
analogous  to  [43]. 

=  0    [48] 


dz  Z       dz 


P      c 
a     p 


k  z    Ut 


When  direct  and  reflected  solar  radiation 
are  included,  the  decrease  in  turbulent  heat 
flux  with  height  supplies  the  difference  be- 
tween heat  used  in  sublimation  and  that  trans- 
ferred to  the  layer  by  radiation  (Q  z).  Then 
the  equilibrium  condition  is 

aH/Dz  =  -   [L     dM/dt   -  Q   ]  [49] 

where  the  radiation  (Q  z  )  absorbed  by  particles 
in  the  volume  at  height  z  is 

Qz  =  NzSq    (1  +  A)    /"(l   -   c)    tt/4  x2   f(x)dx    [50] 

if  single  scattering  applies  throughout  the 
column.  The  temperature  profile  may  be 
obtained  from  the  differential  equation. 

32T 
3T2" 


1  Hr+e 

z      dz 


p      C      u ,    kz 
a     p      * 


'511 


P      C      u, 
a      p      * 
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D.   Summary 

No  calculations  have  been  included  follow- 
ing the  arguments  on  the  humidity  and  tem- 
perature profiles.  Several  assumptions  should 
be  tested  experimentally  before  any  large 
amount  of  work  is  expended  in  such  calculations. 
Therefore,  the  assumptions  and  general  form  of 
the  model  are  listed  here  in  anticipation  of  the 
brief  discussion  that  concludes  this  paper. 
Important  assumptions  for  the  general  steady- 
state  equation  are: 

a.  The  sublimation  rate  of  each  windblown 
snow  particle  is  unaffected  by  particle  inter- 
actions. 

b.  Particles  of  each  size  class  are  distributed 
with  height  according  to  the  steady-state 
theory  for  uniform  particles  (where  eddy 
viscosity    is    equal    to    particle   diffusivity). 

c.  The  logarithmic  expression  [26]  describes 
the  vertical  wind  profile. 

The  sublimation  rate  within  a  unit  volume 
at  some  height  (z)  above  a  horizontal  snow 
surface  then  has  the  general  form  given  by 
[311  as 


(dM/dt) 


N      / 

-7         ' 


(dm/dt)    (z/Z)    w/ku*/(x)dx 


A   differential  equation  for  the  vertical  profile 
of  humidity  results  from  the  assumptions  that: 

d.  All  sublimated  vapor  is  transferred  vertically 
by  turbulent  exchange. 

e.  Eddy  diffusivity  for  water  vapor  is  equal  to 
eddy  viscosity  (K  w  =  K  m). 
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The  humidity  profile  is  obtained  by  the  solution 
of 


d2a 
dl2" 


z    dz 


(dM/dt) 
z 

u.    k   p      z 
si 


Likewise,  for  temperature,  the  assumptions  are: 

f.  The  heat  required  for  the  sublimation  process 
is  supplied  by  radiation,  and  the  vertical 
transfer  by  turbulent  exchange. 

g.  The  coefficient  of  turbulent  heat  exchange 
is    equal    to    eddy    viscosity    (K  h    =    Km). 

The  differential  equation  for  the  vertical  profile 
of  temperature  is 

,2T        i     (^         1      L_(dM/dt)_  -q^ 


dzT 


.    +  I     f  +   0 
dz^        z      dz 


L    (dM/dt) 
s  z 


p      C      u, 
a     p      - 


kz 


P      C      u, 

a      p      - 


kz 


DISCUSSION 

The  assumptions  used  to  derive  a  general 
relationship  for  sublimation  of  drifting  snow 
appear  quite  reasonable,  considering  the  low 
natural  concentrations  and  the  near-neutral 
stability  likely  under  these  strong  winds.  (The 
possible  exception,  in  assuming  that  eddy  vis- 
cosity equals  snow  diffusivity,  has  been  noted.) 
Many  of  the  suppositions  made  in  order  to 
evaluate  the  general  equation,  however,  present 
interesting  questions  for  the  experimenter. 

First,  what  is  the  density  of  a  drifting 
snow  particle?  Is  it  equal  to  that  of  ice,  as 
assumed  in  these  calculations?  If  not,  then 
the  surface  area  of  a  given  mass  of  drifting 
snow  is  larger,  and  the  particle  fall  velocity 
is  less,  than  predicted  here.  Answering  this 
question  is  fundamental  to  the  study  of  sub- 
limation from  drifting  snow. 

How  is  particle  fall  velocity  related  to  par- 
ticle size?  This  question  involves  the  answer 
to  the  particle  density  problem,  as  well  as  a 
correlation  between  particle  shape  and  fall 
velocity.  In  this  paper  the  linear  relation, 
w  =  C2  x,  was  used  to  express  the  fall  velocity 
in  terms  of  shape  and  size,  but  the  assumption 
has  an  important  influence  on  the  computed 
snow  concentration  profile.  Thus,  a  more 
accurate   approximation   would  be  worthwhile. 

What  is  the  actual  ventilation  velocity  of 
a  suspended  snow  particle?  Is  it  closely 
approximated  by  the  particle  fall  velocity,  or 
should  the  interaction  between  particle  size 
and  the  turbulent  energy  spectrum  be  included? 
Related  to  these  questions  is  the  effect  of 
ventilation  on  small  particles  (Re<10).  Cal- 
culations here  have  used  the  same  particle  sub- 
limation rate  throughout  the  size  range,  but 
this  may  overestimate  the  sublimation  of  the 
small  particles. 


By  the  arguments  presented  in  this  paper 
the  vertical  profiles  of  both  humidity  and  tem 
perature  are  expected  to  show  the  influence 
of  sublimation.  Simultaneous  profile  measure- 
ments of  humidity,  temperature,  windspeed 
and  snow  concentration  under  measured  con- 
ditions of  radiation  would  provide  a  test  ol 
this  model.  However,  several  instrumentatior 
problems  must  be  overcome  before  such  meas 
urements  are  possible. 

To  assess  the  hydrologic  importance  of  sub 
limation  from  drifting  snow  within  some  region 
another  set  of  questions  requires  answers.  How  t 
frequently  do  strong  winds  move  snow?  Whal 
temperature  and  humidity  conditions  prevai. 
during  these  events?  What  proportion  of  the 
drifting  occurs  at  night,  and,  during  the  day 
how  much  solar  radiation  is  received? 

Probably  the  greatest  shortcoming  of  thi: 
sublimation  model  is  the  steady-state  assump 
tions  made  in  all  stages  of  the  development 
Hopefully,  this  work  will  provide  some  initial 
level  of  understanding,  but  certainly  the  un 
steady  nature  of  the  phenomenon  must  b< 
accounted  for,  in  a  true  description  of  subb 
limation  from  wind-transported  snow. 
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APPENDIX 


VALUES  OF  PHYSICAL  PROPERTIES  OF  AIR  AND  WATER  USED  FOR  CALCULATIONS 


Table  of  Values  at  1000  mb 


Temperature,  T 
(°C) 


M 


& 

Ps(T)l/ 

v 

1/ 

,    -i 

ca  1  q 

2     -1 
cm  sec 

0.206 

g  cm 

2     -1 

cm  sec 

0.1346 

-1    -1 

g  cm   sec 

677.0 

i..  8^7- 1 0-6 

1  .  71  8- 1 0_i* 

677.3 

.200 

3  . 2i»6- 1 0~ 

.130'! 

-4 
1 .692-10 

677.5 

.194 

2.139-10"6 

.1259 

-4 

1 .667-10 

677-7 

.187 

1  .387-10"6 

.1216 

1  .641  •10"'1 

677-9 

.180 

.884-10~6 

.1173 

l  .615-10 

M/R 


-0" 

-5° 

-10° 

-15° 

-20° 


cal  cm   sec 


5.80 
5.72 
5.63 
5.54 
5.54 


18.0153 


1.98583 
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2/ 


Smithsonian  Meteorological  Tables  (List  1966.) 

International  Meteorological  Tables  (WMO-No.  188,  TP .  94);  taken  as  7  percent  less  than  table  value. 


Table  of  Variation  with  Pressure  at  -20°C 


Rough  estimate  from  NACA  standard  atmosphere. 


Elevat i 
(km) 

1/ 
on— 

P 

2/ 

pa~ 

J/ 

& 

si' 

o 

mb 

kg/m3 

2     -1 
cm  sec 

2           -1 
cm  sec 

-2   . 

cm   mm 

0 

1000 

1 .4039 

0.1150 

0.180 

0.8 

1 

900 

1.2635 

.1279 

.200 

1 .1 

2 

Kuu 

1 .1231 

.1439 

.225 

1.3 

750 

1.0549 

.1532 

.240 

i  ,4 

3 

700 

.9867 

.1638 

.257 

1  .46 

650 

.9162 

.1763 

.277 

1.53 

4 

f,0O 

.8457 

.1908 

.300 

1  .60 

2/ 


Computed  from  virtual  temperature  (see  Smithsonian  Meteorological 
Tables  (List  1968) .) 


3/ 


4/ 


5/ 


Computed  from  v  =  u/p  . 

Computed  from  standard  equation  (see  text). 

A  roughly  parabolic  distribution  drawn  from  Geiger  (1965) 
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LIST    OF    SYMBOLS 


"abs 


C  * 
v 

D  = 

im/dt)  = 

»/dt)x  = 

1/dt)c  = 

iM/dt)  = 

fit)  = 
zx 

M/dt) 


abs 


=  -[1/ku^  ln(z/Z)]  a  parameter  determined  by  the 
logarithmic  wind  profile  (sec/cm) 

-  majcr   semi-axis    of  ellipsoid   of   revolution    (cm) 

■  minor  semi-axis  of  ellipsoid  of  revolution  (cm) 
=  a  constant 

=  project  area  of  particle  perpendicular  to  direct 

2 
solar  radiation  (cm  ) 

=  projected  area  of  particle  perpendicular  to  reflec- 
ted solar  radiation  from  horizontal  snow  surface 
=  a  constant 
"  electrostatic  capacitance  (shape  factor  for  mass 

transfer) 

2 
particle  absorbing  cross  section  (cm  ) 

computational  grouping  of  factors  depending  on 
meteorological  conditions  (g/cm  sec) 

fall  velocity  shape  factor  (2440  sec"  _<  C  <_   3880 

-1. 
sec   ) 

specific  Keat  of  air  [=0.240  cal/°K  (g  dry  air)] 

coefficient  of  compressibility 

2 
diffusivity  of  water  vapor  in  air  (cm  /sec) 

sublimation  rate  for  a  single  particle  (g/sec) 

sublimation  rate  for  a  particle  with  diameter  x 

(g/sec) 

total  sublimation  rate  for  an  arbitrary  column  of 

air  and  snow  (g/sec) 

sublimation  rate  of  mass  M  of  snow  in  an  arbitrary 

volume  (g/sec) 

=  sublimation  rate  of  the  mass  of  particles  M  with 

x 

diameters  x  to  (x  +  dx)  in  an  arbitrary  volume  at 

height  z  (g/sec) 

=  sublimation  rate  for  the  mass  of  snow  in  arbi- 
trary volume  at  height  z,  (g/sec) 

»  2.718  .  .  . 

=  vertical  flux  of  water  vapor  (g/cm  sec) 

=  particle  absorbing  efficiency 

■  general  particle  size  distribution 

-  1/2  (Nu)  ,  wind  factor 

=  ventilation  factor  for  mass  transfer 

■  ventilation  factor  for  heat  transfer 

2 

-  particle  geometrical  cross  section  (cm  ) 


K 

m 

!■■ 

I, 

s 

m 

M 
M 


=  heat  flux  (cal/cm  sec) 

=  von  Karman's  constant,  0.4 

=  thermal  conductivity  of  air  (cal/cm  sec  °K) 

=  turbulent  heat  transfer  coefficient  (cm  /sec) 

2 
=  eddy  viscosity  (cm  /sec) 

2 
=  eddy  diffusivity  for  water  vapor  (cm  /sec) 

=  lutent  heat  of  sublimation  (cal/g) 

=  particle  mass  (g) 

=  molecular  weight  of  water  (g/mol) 

=  mass  of  snow  in  an  arbitrary  volume  (g/volume) 

=  mass  of  snow  with  particle  diameters,  x  to  (x  +  dx) 

in  an  arbitrary  volume  (g/volume) 
=  mass  of  particles  with  diameter  x  to  (x  +  dx)  in  an 

arbitrary  volume  at  any  height  z  (g/volume) 
=  mass  of  particles  with  diameter  x  to  (x  +  dx)  in  an 

arbitrary  volume  at  reference  height  Z  (g/volume) 
=  exponent  in  diffusivity  equation  (1.75) 
=  number  of  particles  in  an  arbitrary  volume 
=  number  of  particles  in  an  arbitrary  volume  at  height  z 
=  number  of  particles  in  an  arbitrary  volume  at  the 

reference  height 
=  number  of  particles  with  diameter  x  to  (x  +  dx)  in  an 

arbitrary  volume  at  any  height  z 
=  number  of  particles  with  diameter  x  to  (x  +  dx)  in  an 

arbitrary  volume  at  reference  height  Z 

=  Nusselt  number  (2rK/D) 

=  atmospheric  pressure  (mb) 

=  Prandtl  number  (uC  /K) 
P 

=  general  function  of  height 

=  net  rate  of  heat  transfer  by  radiation  (cal/sec) 

=  general  function  of  height 

=  radius  (cm) 

=  general  function  of  height 

'ersal  gas  constant  (cal/mol  °K) 

=  Reynolds  number  (2rV/v)  or  (xw/v) 

=  relative  humidity  used  throughout  as  the  water  vaoor 

density  in  perccnL  of  the  saturation  value  avei 

(Sc)  =  Schmidt  number  (u/p  D) 
a 

(Sh)  =  Sherwood  number  (2rK/D) 

2 

S  =  total  solar  radiation  flux  (cal/cm  sec) 


(Nu) 
P 

(Pr) 
P 
Q 
0_ 
r 

R 

R 
(R, 
(RH) 
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time  (sec) 

environmental  temperature  (°K) 

particle  surface  temperature  (°K) 

temperature  of  horizontal  snow  surface  (°K) 

virtual  temperature  (°C) 

instantaneous  air  velocity  (cm/sec) 

mean  horizontal  wind  velocity  (cm/sec) 

instantaneous  wind  velocity 


=  (u  -  u)  relative  velocity 

P 

=  friction  velocity  uA  i  r — ; 


(cm/sec) 


8 

r(a) 


2    2 
mean  square  horizontal  velocity  of  air  (cm  /sec  ) 

ventilation  velocity  of  air  relative  to  particle 

(cm/sec) 

particle  fall  velocity  (cm/sec) 

nominal  particle  diameter  [diameter  of  sphere  with 

equal  volume]  (cm) 

mean  particle  diameter 

height  measured  from  horizontal  surface  (cm) 

roughness  parameter  (cm) 

reference  height  (cm) 

parameter  of  particle  size  distribution 

parameter  of  particle  size  distribution  (cm) 

gamma  function  in  a 


2 
c  =  eddy  viscosity  (cm  /sec) 

c;  =  particle  surface  albedo 

X  =  albedo  of  horizontal  snow  surface 

-4 
u  =  micron,  10    cm 

u    =   dynamic  viscosity    (g/cm  sec) 

2 
v   =   kinematic   viscosity    (cm   /sec) 

£    =    ratio   of  major   to  minor   semi-axis    (b/c)    for  prolate 

spheroid 

0  =  adiabatic  lapse  rate  (.01°C/m) 

¥  =  3.14  .  .  . 

p  =  water  vapor  density  in  the  remote  environment  (g/cmi}j 

n   =  density  of  air  (g/cm  ) 
a 

p   =  particle  density  (g/cm  ) 

p   =  water  vapor  density  near  particle  surface  (g/cm  ) 
p  T  =  saturation  density  of  water  vapor  at  temperature  T  \\ 
(g/cm  ) 

o  ~  (d /d  -v   -    1)  undersaturation  of  the  environment  with 
K  ^  si 

respect  to  water  vapor  [ (RH)  -  100]  =  100a  in  perce r 

2 
t  =  turbulent  shear  stress  (dynes/cm  ) 

2 
t   =  surface  shear  stress  (dynes/cm  ) 
o 

b   =   volume  fraction  of  snow  in  air 
-  <i  =  voidage 

q  =  specific  humidity 
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ABSTRACT 

The  ponderosa  pine  forest  was  classified  into  13  habitat  units 
by  cluster  analysis  of  a  similarity  matrix  based  on  the  vegetation, 
soil,  and  site  attributes  of  100  randomly  located  sample  stands. 
Habitat  units  were  defined  at  a  minimum  similarity  of  60  percent. 
The  comparative  use  of  the  habitats  by  deer  was  evaluated  by 
analysis  of  variance  of  long  term  (9  years)  data  on  deer  pellet 
group  densities  in  the  sample  stands. 

Keywords:  Wildlife    management,    forest-wildlife   relations,   syne- 
COlogy,  Pinus  ponderosa. 
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Classification  of  Deer  Habitat  in  the  Ponderosa  Pine  Forest 
of  the  Black  Hills,   South  Dakota 


John    F.    Thilenius 


Almost  70  percent  of  the  Black  Hills  of 
restern  South  Dakota  and  eastern  Wyoming 
i  covered  by  forest  where  Pin  us  ponderosa 
;  the  only  overstory  tree.  In  1968,  the  deer 
erd  using  this  forest  was  estimated  at  over 
20,000  animals  (Richardson  and  Schwarting 
369).  The  majority  of  these  are  white-tailed 
eer  (Odocoileus  virginianus  dacotensis),  but 
mle  deer  (O.  hem  ion  us  hemionus)  are  also 
resent. 

For  many  years,  the  South  Dakota  Game, 
'ish,  and  Parks  Department  has  determined 
eer  population  trends  in  the  Black  Hills  by 
nnual  counts  of  deer  pellet  groups  in  sample 
reas  distributed  throughout  the  Black  Hills 
lational  Forest.  The  wide  geographic  distri- 
ution  of  these  sample  areas  and  the  long-term 
idex  of  deer  use  on  them  provided  a  unique 
pportunity  to  define  and  classify  habitats  in 
:ie  ponderosa  pine  forest,  and  to  evaluate 
abitat-deer  relationships. 


STUDY  AREA 

•hysiography  and  Geology 

The  Black  Hills  are  an  elliptically  shaped, 
plifted  dome,  over  1.8  million  acres  in  area, 
he  drainage  pattern  is  radial-dendritic,  but 
le  majority  of  the  permanent  streams  flow 
astward. 

The  geology  of  the  Black  Hills  consists  of 

series  of  concentric  formations  (map  1). 
he  central  formation  is  a  region  of  highly 
issected  topography  composed  of  metamor- 
hosed    Precambrian   quartz-mica   schists   with 

general  elevation  between  4,000  and  5,500 
?et.  A  large  amount  of  surface  rock  is  ex- 
osed.  Surrounding  this  is  a  formation  of 
aleozoic  limestone.  The  topography  here  is 
ently  rolling,  especially  in  the  northwestern 
action  where  the  limestone  forms  a  plateau 
enerally  above  6,000  feet  elevation  (map  2). 
everal  points  on  this  plateau  exceed  7,000 
jet.  Along  the  eastern  edge  of  the  Black 
ills  the  same  formation  rarely  exceeds  5,000 
?et  elevation.  Steep  cliffs,  several  hundred 
set  high,  occur  along  the  discontinuity  between 
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Map  1.— Geology  of  the  Black  Hills. 


Map  2. — Elevation  pattern  in  the  Black  Hills. 

the  limestone  and  adjacent  formations,  and 
along  river  canyons. 

There  are  two  major  intrusions  in  the 
Black  Hills.  In  the  south-central  portion  is 
an  intrusive  massif  of  Precambrian  granite 
weathered  into  vertical  cliffs  and  rock  spires. 
Harney  Peak  (7,241  feet),  the  highest  elevation 
in  the  Black  Hills,  is  an  isolated  summit  here, 
but  the  general  elevation  is  between  5,500  and 
6,500  feet.  Along  the  northern  edge  of  the 
Black  Hills  are  several  intrusions  of  Tertiary 
acid-igneous  rocks  which  form  a  rugged  topog- 
raphy characterized  by  barren  talus  slopes. 
Terry  Peak  (7,071  feet)  is  the  highest  point  in 
this  region;  most  of  the  area,  however,  is 
between  5,000  and  6,500  feet  elevation. 

Encircling  the  periphery  of  the  Black  Hills 
is  a  region  of  complex  geology.  The  outer 
portion  of  this  region  is  a  low,  narrow  hogback 
ridge  of  Mesozoic  hard  sandstone  and  shale. 
Between    this  hogback  ridge   and  the   central 


mass  is  a  valley  formed  from  reddish  color 
Triassic  and  Permian  soft  shale  and  sandstoi 
This  "Red  Valley"  also  almost  completely  ( 
circles  the  central  mass.  Most  of  this  regi 
is  below  4,000  feet  elevation. 

Climate 

The  precipitation  pattern  of  the  Black  Hi 
is  closely  related  to  elevation  (maps  2  and  j 
Mean  annual  precipitation  is  over  26  incli 
at  high  elevations  in  the  northern  region,  t 


6000-7000  ft. 


4000-5000  ft. 


5000-h000  ft. 


~Map  3. — Precipitation   patterns   in 
Hills. 


the  Blac 


ss  than  18  inches  in  the  foothills  and  south- 
estern  Black  Hills  (Orr  1959).  Most  pre- 
pitation  comes  as  rain  in  May,  June,  and 
lly,  although  yearly  snowfall  may  exceed 
if)  inches  at  high  elevations  on  the  limestone 
ateau. 

The    temperature    regime    is    typical    of  a 

>ntinental  climate.   Mean  annual  temperatures 

the    ponderosa   pine   forest  zone  are   from 

F.  to  48°  F.  with  an  extreme  range  of 
2°  F.  to  40°  F.  Strong  temperature  ill- 
usions are  common  during  the  winter,  and 
e  temperature  at  5,000  feet  or  higher  may  be 
iveral  degrees  above  freezing  while  the  tem- 
;rature   at  3,000  feet  is  in  the  subzero  range. 

orest  Vegetation 

The  extent  of  ponderosa  pine  forest  in  the 
lack  Hills  generally  coincides  with  the  4,000- 
ot  contour,  the  outer  edge  of  the  limestone 
rmation,  and  the  18-inch  isohyete.  There 
e  approximately  1.2  million  acres  of  forest 
>minated  solely  by  Pinus  ponderosa,  and 
e  general  appearance  of  the  Black  Hills  is 
at  of  a  monoculture  of  this  tree.  Almost 
e  entire  forest  is  in  a  disturbed  condition 
om  logging,  livestock  grazing,  mining  opera- 
ans,  wildfire,  and  fire  protection. 

Only  four  other  species  of  arboreal  conifers 
e  endemic  to  the  Black  Hills.  Picea  glauca 
imprises  about  4  percent  of  the  timber  volume, 
is  most  abundant  at  high  elevation  in  the 
>rthern  Black  Hills  and  in  the  granite  area 
jar  Harney  Peak.  In  some  areas  it  is  an 
/erstory  dominant,  but  more  often  grows  co- 
iminant  or  subordinate  to  Pinus  ponderosa. 
;nus  contorta  var.  latifolia  occurs  intermixed 
ith  Pinus  ponderosa  in  one  90-acre  stand  in 
e  central  Black  Hills.  Pinus  flexilis  is  present 
i  a  subordinate  tree  to  Pinus  ponderosa  and 
cea  glauca  in  one  isolated  6-acre  stand  near 
arney  Peak.  In  the  southern  Black  Hills, 
iniperus  scopulorum  may  be  codominant  with 
;nus  ponderosa  along  the  foothills. 

Deciduous  tree  species  are  poorly  repre- 
:nted  in  the  ponderosa  pine  forest.  Only 
:ree  species,  Populus  tremuloides,  Betulapapy- 
fera,  and  Quercus  macrocarpa,  are  important. 
ipulus  tremuloides,  the  most  abundant, grows 
;a  subordinate  tree  under  the  Pinus  ponderosa 
mopy,  along  the  ecotone  between  the  forest 
id  grassland  at  high  elevation  in  the  northern 
lack  Hills,  and  as  a  dominant  tree  on  old 
>rest  fire  burns  in  the  limestone  and  igneous 
igions.  Betulapapyriferais  much  less  abundant 
ian  Populus  tremuloides  and  is  more  common 


on  mesic  sites.  It  usually  has  a  multistemmed 
growth  form.  Quercus  macrocarpa  occurs  both 
as  a  tree  and  as  a  shrub,  along  the  foothills 
of  the  Black  Bills. 

While  the  number  of  species  of  overstory 
trees  in  the  Black  Hills  is  limited,  the  under- 
story  is  rich  in  species.  Understory  shrubs 
typical  of  different  flora  are:  Ostrya  virginiana 
(Eastern  deciduous  forest),  Symphoricarpos 
occidentalis  (Great  Plains  grassland),  Juniperus 
communis  (Northern  coniferous  forest),  Cerco 
carpus  montanus  (Mountain  brush-type), A rcto- 
staphylos  uva-ursi  (Western  coniferous  forest). 

Many  graminoids  (grasses,  sedges,  and 
rushes)  and  forbs  are  present.  The  most  com 
mon  graminoids  are:  Poa  pratensis ,  Danthonia 
intermedia,  Oryzopsis  asperifolia,  Andropogon 
scoparius,  Agropyron  griffithsi,  and  Carex  spp. 
Important  forbs  are  Achillea  millefolium.  Cam- 
panula rotundifolia,  Galium  biflorum,  Anten- 
naria  neglecta,  and  Viola  adunca.  The  legumes 
Vicia  americana  and  Lathyrus  ochroleucus  are 
also  common  under  the  Pinus  ponderosa  canopy. 


LITERATURE 

Although  the  taxonomy  of  Black  Hills  vege- 
tation has  been  covered  by  Rydberg  (1932)  and 
Mcintosh  (1949),  there  has  been  very  little 
published  on  the  synecology  of  the  region. 
Hayward  (1928)  gave  an  outline  of  the  plant 
communities  based  on  the  theories  of  F.  E. 
Clements  (1936).  All  of  the  ponderosa  pine 
forest  was  classified  in  a  single  category, 
"western  yellow  pine  association:  Rocky  Moun- 
tain montane  forest  climax."  Mcintosh  (1949) 
repeats  Hayward's  scheme  in  the  plant  ecology 
section  of  his  paper. 

In  the  only  other  paper  dealing  directly 
with  synecology  in  the  Black  Hills,  Leedy  and 
Youngberg  2  described  three  Pinus  ponderosa 
communities  and  one  Picea  glauca  community. 
Although  their  work  was  based  entirely  on 
reconnaissance  information,  they  did  provide 
morphological  descriptions  of  the  soils  under- 
lying these  communities. 

Radeke  and  Westin  (1963)  described  three 
classes  of  gray  wooded  soils  occurring  as  the 
substrate  of  ponderosa  pine  forest.  These  soils 
have  developed  from  a  variety  of  parent  materi- 
als.   As  yet,  they  have  not  been  correlated  or 

7 Leedy,  J. I).,  and  C.  T.  Youngberg.  Conif- 
erous forest  communities  in  the  Black  Hills, 
South  Dakota.  (Unpublished  report,  Wheaton 
Coll.  Sci.  Sta.,  8  p.,  n.d.) 


named.  A  report  from  the  U.S.  Soil  Conserva- 
tion Service  (1959)  gave  detailed  information 
on  the  field  characteristics  and  chemical-physical 
properties  of  the  profiles  described  by  Radeke 
and  Westin. 

The  only  study  directly  concerned  with  the 
types  of  deer  habitat  in  the  Black  Hills  was 
done  by  R.  R.  Hill  (1946).  He  confined  his 
work  to  the  northern  section  and  described 
seven  types  of  habitat  in  very  general  terms. 
Important  browse  species  occurring  in  the 
various  types  were  listed  and  rated  for  prefer- 
ence, but  no  indication  of  species  dominance 
or  abundance  was  provided,  nor  was  the  im- 
portance of  different  types  of  deer  habitat 
discussed.  Hill's  classification  of  Black  Hills 
deer  habitat  is: 

1.  Mature  or  dense  ponderosa  pine  (Pinus  pon- 
derosa). 

2.  Open  ponderosa  pine. 

3.  Northern  white  spruce  (Picea  glauca). 

4.  Birch -Aspen      (Betula    papyrifera-Populus 
trem.uloid.es). 

5.  Oak  (Quercus  macrocarpa). 

6.  Recent  burns. 

7.  Open  parks. 

The  details  on  the  establishment  of  the 
pellet  group  density  transects  and  the  sampling 
procedures  used  by  the  South  Dakota  Game, 
Fish,  and  Parks  Department  are  presented  in  a 
Pittman-Robertson  Job  Completion  Report  (Hart 
1957).  In  1956,  53  transects  (one  in  each  town- 
ship in  the  Black  Hills  National  Forest),  each 
2,000  feet  long  and  10  feet  wide  were  estab- 
lished. Since  initial  establishment  the  length 
has  been  decreased  to  1,000  feet,  the  width 
to  6  feet,  and  the  number  of  transects  doubled. 
Six  transects  have  been  abandoned  because  they 
have  been  heavily  grazed  by  sheep  or  logged. 

At  the  time  of  establishment,  data  were 
collected  on  slope  aspect,  slope  angle,  over- 
story  type  (pine,  deciduous,  open,  pine-decid- 
uous, pine-deciduous-spruce,  doghair  pine), 
understory  type  (grass,  browse,  forbs,  litter, 
or  any  combination  of  these  four),  and  percent 
ground  visibility  (poor,  0-24  percent;  fair,  2549 
percent;  good,  50-74  percent;  excellent,  75-100 
percent)  of  each  100-foot  segment.  These  data 
have  been  misplaced  and   were  not  available. 

A  summary  of  this  preliminary  data  in  the 
report  indicated  (1)  no  relationship  between 
pellet  group  density  and  overstory  type  of 
ground  visibility;  (2)  a  weak  relationship  be- 
tween pellet  ground  density  and  understory 
type,  with  the  browse  type  having  the  highest 
use;  (3)  a  preference  for  southerly  slopes  with 
low  angles   (0-10  percent).    These  conclusions 


were  based  on  only  a  single  year's  sample  ai 
some  of  the  categories  used,  for  example,  brow 
type,  are  vague. 

Other  literature  pertinent  to  methods  ai 
techniques  are  given  in  the  appropriate  sectior 


METHODS 


Field  Sampling 


The  ponderosa  pine  forest  was  sampled 
100  locations  within  the  Black  Hills  Natior 
Forest  (map  4).  All  sample  sites  were  locat 
on  transects  used  by  the  South  Dakota  Depa 
ment  of  Game,  Fish,  and  Parks  to  determii 
the  size  of  the  Black  Hills  deer  herd  by  annu 
counts  of  deer  pellet  group  densities.  T] 
transects,  established  several  years  prior  to  tl 
start   of  this   study  by  Department  personm 
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Map  4. — Location    of   sample    stands    in   thi 
Black  Hills  National  Forest. 


sre  located  in  a  restricted  random  manner, 
ro  in  each  survey  township  within  the  boun- 
iries  of  the  Black  Hills  National  Forest. 

Each  treatment  is  a  belt  of  one  hundred 
x  10-foot  plots  (total  length  1,000  feet), 
jgetation,  soil,  and  site  vary  considerably 
thin  these  long  belt  transects.  To  minimize 
is  variation,  a  homogeneous  area  representa- 
?e  of  the  most  predominant  habitat  crossed 
■  the  transect  was  selected  in  the  field  as 
e  location  for  the  samples  used  in  this  study. 

A  60-  x  100-foot  macroplot  was  established 
the  selected  location  by  measuring  a  randomly 
lected  distance  (to  the  nearest  10  feet)  from 
e  starting  point  of  the  transect.  This  distance 
is  restricted  so  the  macroplot  was  within 
e  selected  area.  Each  macroplot  represents 
-elatively  homogeneous,  independent, random 
mpleof  the  vegetation,  soil,  and  site  attributes 
the   ponderosa   pine   forest   on  which  there 

a  long-term  index  of  the  intensity  of 
er  use. 

Three  randomly  located  plots  10  x  100  feet 
ire  established  within  the  macroplot  to  sub- 
mple  the  floristic  attributes.  On  each  of 
ese,  the  frequency  of  graminoids,  forbs,  low 
rubs  (  <  1.5  feet  tall),  and  tree  seedlings 
'  0.5  foot  tall)  was  recorded  on  one  hundred 
foot -square  quadrats  arranged  in  a  belt 
insect  along  the  centerline  of  the  plot.  The 
jquency  of  tall  shrubs  (  >  1.5  feet  tall)  was 
corded  on  a  belt  transect  of  twenty-five  4-  x 
oot  quadrats  coincident  with  the  belt  transect 

1-foot-square    plots.      Trees   were   sampled 

dividing  the  10-  x  100-foot  plot  into  ten 
-  x  10-foot  quadrats  and  recording  the  fre- 
lency  by  4-inch  d.b.h.  (stem  diameter  at  4.5 
et  above  the  ground  surface)  classes.  Plot 
:es  were  selected  to  give  average  frequencies 
tween  20  and  80  percent  for  the  most  fre- 
ient  taxa  (Hyder  et  al.  1965).  Frequency 
ta  from  all  three  plots  were  combined  for 
alysis. 

A  soil  pit  was  excavated  near  the  center 
the  macroplot  and  the  soil  described  to  the 
mdards  of  the  U.S.  Soil  Survey  (U.S.  Bur. 
ant  Indus.,  Soils  and  Agr.  Eng.  1951).  The 
jvation,  slope  aspect,  slope  angle,  position 
i  the  slope,  relief  features,  and  percentage 
ground  surface  covered  by  rock,  litter,  and 
re  ground  were  recorded  for  each  macroplot. 
le  presence  of  natural  and  man-caused  in- 
lences  such  as  fire,  wildlife,  logging,  grazing, 
ming,  and  so  forth,  was  also  recorded.  Geo- 
Ejical  formations  were  determined  by  refer- 
ee to  Darton's  (1951)  geological  map  of  the 
ack   Hills   and   from   the   material   excavated 


from  the  subsurface  horizons  (C  and  R)  of  the 
soil.  The  precipitation  regime  was  established 
by  reference  to  Orr  (1959). 

Analytical  Methods 

The  synecological  units  of  the  ponderosa 
pine  forest  were  determined  by  grouping  the 
sample  plots  into  sets  whose  members  were 
similar  in  vegetation,  soil,  and  site  attributes. 
Table  1  gives  the  analytical  attributes  utilized, 
their  units  of  measurement,  and  method  of 
encoding.  To  determine  similarity,  a  numeri- 
cal cluster  analysis  procedure  was  used.  The 
essentials  of  this  program  are  as  follows: 

1.  An  rxc  table  is  prepared  with  the  attribute 
data  as  the  rows  (r)  and  the  sample  plots 
as  the  columns  (c). 

2.  The  diverse  attribute  data  are  standardized 
by  setting  the  maximum  attribute  value  for 
each  row  equal  to  100  and  scaling  all  other 
values  accordingly:  that  is,  all  data  are  trans- 
formed to  a  relative  proportion  of  the  maxi- 
mum value,  and  thus  become  additive. 

3.  An  initial  matrix  of  similarity  is  computed 
between  all  possible  combinations  of  sample 
plots.  Sorensen's  (1948)  coefficient  of  simi- 
larity, K  =  (2c/a+b)  100  is  used  as  the  index 
of  similarity.  In  this  formula,  "a"  is  the 
sum  of  all  standardized  attribute  data  for  one 
sample  plot,  "b"  is  this  sum  for  another 
sample  plot,  and  "c"  is  the  sum  of  the 
lower  value  for  each  attribute  common  to 
the  two  sample  plots.  The  range  of  K  is 
0  to  100,  with  100  equal  to  complete  simi- 
larity. Bray  and  Curtis  (1957)  sampled  the 
same  area  repeatedly,  and  found  the  aver- 
age value  of  K  to  be  82.  They  concluded 
that  because  of  sampling  error,  maximum 
K  is   approximately  80  to  85  instead  of  100. 

4.  The  initial  matrix  of  similarity  is  subjected 
to  cluster  analysis  by  the  weighted  pair- 
group  method  (Sokal  and  Sneath  1963)  as 
follows: 


a.  The  two  sample  plots  in  the  matrix  having 
the  highest  similarity  are  selected  and 
combined  into  a  single  unit  or  cluster. 

b.  A  new  matrix  of  similarity  is  computed 
between  this  cluster  and  the  remaining 
unclustered  sample  plots.  A  simple  aver- 
age, K  =  Kjj  +  Km  2,  replaces  the  two 
K  values  of  the  clustered  sample  plots. 
Kij  equals  the  index  of  similarity  be- 
tween one  member  (i)  of  the  established 


Table  I  . --At tr i bute  coding  for  computer  analysis 


A.  Vegetation 

1.  Frequency  of  overstory   trees    (by   species   and  d.b.h. 
class)  in  percent. 

2.  Frequency    of    large   shrubs    (by   species)    in    percent. 

3.  Frequency  of  small  shrubs,  grasses,  sedges,  and  forbs 
(by  species)  in  percent. 

B.Soil 

1.  Number  of  mineral  horizons  present. 

2.  Depth  of  solum  in  inches. 

3.  Thickness  of  the  01  horizon  (litter)  in  inches. 

4.  Thickness  of  the  02  horizon  (humus)  in  inches. 

5.  Thickness  of  the  Al  horizon  in  inches. 

6.  Hue    of    the    Al    horizon,   scaled    to   give   the  highest 
value  to  red  and  the  lowest  to  yellow. 

a.  10R  =  64 

b.  2. SYR  =  32 

c.  5YR  =  16 

d.  7.5  YR  =  8 

e.  10YR  =  4 

f.  2.5Y  =  2 
g    5Y  =  1 

7.  pH  of  the  Al  horizon  to  the  nearest  0.1  pH  unit   (elec 
trometrically  determined). 

s  Texture  of  the  Al  horizon  specified  by  a  particle  size 
"ratio-of  10"  derived  by  rounding  off  the  average  per 
centage  of  sand  (2.0mm  •  0.05mm),  silt  (0.05mm 
0.002mm), and  clay  (-0.002mm)  in  the  12  textural  classes 
given  in  the  Soil  Survey  Manual  (1951).  The  sum  of 
the  numerals  equals  10  in  all  classes, 
a.  Sand  =  910 


b.  Loamy  sand  =  811 

c.  Sandy  clay  loam  = 

d.  Sandy  loam  =  541 

e.  Sandy  clay  =  514 

f.  Loam  =  442 

g.  Clay  loam  =  334 
h    Silt  =  181 

i.   Silt  loam  =  172 
j.  Silty  clay  loam  =  1 
k.  Siltv  clay  =  154 
I.    Clay  =  118 
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9.  Percentage  of  coarse  fragments  (+2mm)  tntheAl  horizon. 


10.  Effervescence  with  HC1  of  the  Al  horizon. 

a.  Violent  8 

b.  Strong  4 

c.  Slight  2 

11.  Thickness   of    the    A2    horizon    (eluviation    zone)   in 
inches. 

12.  Hue  of  the  A2  horizon  (see  Item  6). 

13.  pH  of  the  A2  horizon  (see  Item  7). 

14.  Texture  of  the  A2  horizon  (see  Item  8). 

15.  Percentage    of  coarse  fragments   in   the   A2   horizon. 

16.  Effervescence  with  HC1   of  the  A2  horizon  (see  Item 
10). 

17.  Thickness    of    the    B2    horizon    (illuviation  zone)    in 
inches. 

18.  Hue  of  the  B2  horizon  (see  Item  6). 

19.  pll  of  the  B2  horizon  (see  Item  7). 

20.  Texture  of  the  B2  horizon  (see  Item  8). 

21.  Percentage    of    coarse   fragments   in   the   B2   horizon. 

22.  Effervescence  of  the  B2  horizon  (see  Item  10). 

23.  Hue  of  the  C  horizon  (see  Item  6). 

24.  pH  of  the  C  horizon  (see  Item  7) 

25.  Texture  of  the  C  horizon  (see  Item  8). 

26.  Percentage    of    coarse    fragments    of    the   C   horizon. 

27.  Effervescence  of  the  C  horizon  (see  Item  10). 
.   Site 

1.  Slope  aspect  in  degrees  from  true  north. 

2.  Slope  angle  in  percent. 

3.  Elevation  in  feet. 

4.  Position  in  percentage  of  slope  below  the  nearest  ridge. 

5.  Macrorelief  of  general  area. 

a.  Level  =  0 

b.  Undulating  =  5 
e.  Rolling  =  15 

d.  Hilly  =  30 

e.  Steep  =  50 

6.  Microrelief  in  immediate  vicinity  of  plot. 

a.  Conca\  e  =  1 

b.  Flat  =  2 

c.  Convex  =  3 

7.  Percentage  of  ground  covered  by  rocks. 

8.  Percentage  of  ground  covered  by  litter. 

9.  Percentage  of  bare  ground. 


c. 


cluster   (i+h)  and  an  unclustered  sample 

plot  (j),  and  K^j      is  equal  to  this  index 

for  the   other  member  of  the  established 

cluster. 

Steps  "a"  and  "b"  above  are  repeated  until 

all  sample  plots  have  been  clustered. 


The  results  of  cluster  analysis  are  presented 
in  a  dendrogram  (fig.  1).  The  vertical  axis 
of  the  dendrogram  merely  separates  the  sample 
plots  and  has  no  scale.  The  horizontal  axis 
is  scaled  in  units  of  K  (percentage  similarity). 
Junction  points  between  stems  along  the  hori- 
zontal axis  indicate  the  sample  plots  to  the  left 
of  the  junctions  are  alike  at  the  K  value  shown 
on  the  horizontal  axis  scale. 

The  number  of  groups  of  sample  plots  to 
be  designated  is  determined  by  drawing  a  line 
across  the  dendrogram  parallel  to  the  vertical 
axis  at  a  designated  level  of  K.  The  number  of 
stems  cut  by  this  line  indicates  the  number  of 
units  present.  In  this  paper  these  units  are 
called  "Habitat  Units"  (hereafter  abbreviated 
"HU"). 

The  level  of  K  at  which  HU  are  designated 
is  variable  and  depends  primarily  on  the  use 
to  which  the  classification  is  to  be  put  and  the 
ecosystem  under  consideration  (West  1966). 
Mathematical  or  statistical  tests  to  determine 
significant  gaps  in  continuity  are  not  yet  avail- 


able, and  the  usual  statistical  tests  of  signii; 
cance  are  not  applicable  (Sokal  and  Snea: 
1963).  Whatever  level  of  K  is  selected,  it  mi! 
be  applied  uniformly  across  the  whole  dendu 
gram;  in  other  words,  it  is  not  permissil'. 
to  designate  one  HU  at  K  =  60  and  anotr^ 
at  K  =70  (Sneath  1962). 

RESULTS 


The  similarity  relationships  of  the  100  star) 
sampled  are  shown  in  figure  1.  This  dendi 
gram  is  based  on  334  attributes  of  vegetatic 
soil,  and  site,  and  is  arranged  so  the  star 
occurring  at  high  elevation  in  the  central  a 
northern  Black  Hills  are  uppermost. 

Habitat  Units  have  been  designated  at  V 
levels  of  similarity.  These  are  K  >54  and  K  > 
At   K>54   (54   percent  minimum  internal  sii 
larity  in  vegetation,   soil,  and  site  attribute 
three  HU  are  present. 

HU-A  (40  stands)  is  found  in  the  hij 
elevation,  moist  region  of  the  northwestern  a 
western  Black  Hills.  The  ponderosa  pine  for 
understory  here  has  well-developed  shrub  a 
herb  strata  composed  of  mesophytic  taxa,  ma 
of  which  are  present  at  high  frequency. 

HU-B  (31  stands)  occurs  at  intermediate 
low  elevations  in  the  northeastern  and  cent 


Figure  1. — 

Dendrogram  showing  the  simi 
larity  relationships  of  the  100 
stands  sampled. 


TO  65 

K  (percent  similarity) 


part  of  the  Black  Hills.  Shrubs  are  still  the 
most  important  taxa  in  the  understory,  but  the 
more  mesophytic  taxa  are  much  less  frequent 
and  a  number  of  xerophytic  taxa  with  prairie 
affinities  are  present. 

HU-C  (29  stands)  is  present  along  the 
northern  foothills  and  in  the  relatively  low- 
elevation  region  of  the  southern  Black  Hills. 
Graminoids  are  the  most  frequent  taxa  in  the 
forest  understory.  Many  forbs  with  prairie 
affinities  are  present,  and  shrub  taxa  tend  to 
be  those  adapted  to  xeric  environments. 


While  the   HU  designated  at  K>54  can  bi 
related   in  a  general  manner  to  the  gross  eco 
logical  and   geographic   features   of  the  Blacl 
Hills,  they  are  highly  variable  in  taxa  composi 
tion  and   other  attributes.      Since   HU   can  bit 
designated  at   any  level   of  similarity,   the  in 
ternal  homogeneity  of  HU  is  increased  by  rais 
ing   the   value   of  K.     The  rule  followed  is  t< 
select   a    level   of  similarity  which   maximize;! 
the  number   of   HU  containing   three  or  morn 
sample    stands.      In  HU  with  several  stands* 
the   range    of    within-HU    attribute   variability 


Table  2. --Percent  constancy  (C) ,  average  percent  frequency  (F)  ,  and  maximum  percent  frequency  (M)  of  major  taxa1  in  the 
habitat  units  (HU)  defined  at  K>60 ,  with  number  of  stands  (n) 


Taxa^ 


HU-1  (n=24) 


HU-2  (n=9) 


HU-3  (n=1) 


C     F    M 


HU-4  (n=6) 


HU-5  (n=25) 


OVERSTORY  STRATUM 

Pinus  ponderosa 

<4  inches  d.b.h. 

4-8  inches  d.b.h. 

8-12  inches  d.b.h. 

>1 2  inches  d.b.h. 
Pioea  glauca 

<k    inches  d.b.h. 

4-8  inches  d.b.h. 
Populus  tremuloides 

<4  inches  d.b.h. 

4-8  inches  d.b.h. 
Betula  papyrifera 

<4  inches  d.b.h. 

4-8  inches  d.b.h. 
Quercus  macrocarpa 

<4  inches  d.b.h. 

4-8  inches  d.b.h. 

8-12  inches  d.b.h. 

>1 2  i  nches  d.b.h. 
Juniperus  scopulorum 

<4  inches  d.b.h. 

TALL  SHRUB  STRATUM 

Juniperus  communis3 
Shepherdia  canadensis3 
Potentilla  fruticosa 
Symphoricarpos  occidentalis 
Prunus  virginiana1* 
Ostrya  virginiana 
Que  reus  macrocarpa 
Corylus  cornuta 
Cercocarpus  montanus 
Rhus  trilobata 

LOW   SHRUB    STRATUM 

Symphoricarpos  albus 
Rosa  fendleri 
Amelanchier  alnifolia5 
Spiraea   lucida 
Ribes  inebrians 
Amorpha  canes cens 
Yucca  glauca 
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Growing   as    a    low   shrub 


HU-5. 


Growing  as  a  low  shrub  in  HU-12. 
Growing  as  a  tall  shrub  in  HU-2. 


All    overstory    species    plus    understory    taxa   with    at    least    67   percent    constancy    in   a   multistand   HU   or   20    percent 
frequency    in   a   single-stand    HU . 

Indicator   taxa   for  each   HU   are   underlined. 


:an  be  determined,  and  constancy 3  values 
or  attributes  can  be  computed.  For  the  pon- 
lerosa  pine  forest  a  level  of  K  >  60  best  fits 
his  rule. 

3 

Constancy  is  a  relative  expression  oj  the 
Presence  and  absence  oj  a  species  in  different 
itands  of  a  community  type,  based  on  equal 
irea  samples.  Frequency  is  a  statistical  ex- 
pression of  the  representation  (presence  or 
ibsence)  of  a  species  in  a  series  of  sub  samples 
vitfiin  a   given    stand   (Cain  and  Castro  1959). 


At  K  XiO.  13  II U  can  be  defined  (fig.  1). 
The  following  section  contains  brief  descriptions 
of  each  of  the  HU.  It  proceeds  from  the  most 
mesic  to  the  most  xeric— from  top  to  bottom  on 
the  dendrogram  (fig.  1).  The  IIU  arc  desig- 
nated serially  from  1  to  13  and  by  a  multi- 
nomial formed  from  the  scientific  names  of 
indicator  taxa  in  the  overstory,  tall-shrub,  low- 
shrub,  and  herb  strata.  Table  2  gives  the 
percent  constancy  and  average  and  maximum 
percent  frequencies  for  the  major  taxa  in  each 
IIU. 
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Table  2. --Percent  constancy  (C) ,  average  percent  frequency  (F)  ,  and  maximum  percent  frequency  (M)  of  major  taxa1  in  the 
habitat  units  (HU)  defined  at  K>60 ,  with  number  of  stands  (n) --Continued 


Taxa'1 


HU-1  (n=24) 


HU-2  (n=9) 


HU-3  (n=l) 


HU-4  (n=6) 


HU-5  (n=25) 


HERB  STRATUM 

Shrubs 

Berberis  repens 
Arctostaphylos  uva-ursi 
Pinus  ponderosa    (seedlings) 
Toxicodendron  radicans 
Artemisia  frigida 

Graminoids 

Oryzopsis  asperifolia 
Danthonia  intermedia 
Poa  pratensis 
Carex  oonainna 
Agropyron  griffithsi 
Carex  foenea 
Bromus  inermis 
Carex  heliophila 
Stipa  viridula 
Schizachne  purpuraseens 
Koeleria  cristata 
Andropogon  scoparius 
Bouteloua  curtipendula 
Agropyron  smithii 
Bouteloua  gracilis 

Forbs 

Achillea  millefolium 
Fragaria  vesca 
Galium  biflorum 
Viola  adunca 
Vicia  americana 
Lathy rus  ochroleucus 
Campanula  rotundifolia 
Zizia  aptera 
Antennaria  neglecta 
Thermopsis  rhombifolia 
Erigeron  subtrinervis 
Lupinus  argenteus 
Monarch,  fistulosa 
Aster  laevis 

Apocynum  androsaemifolium 
Solidago  occidentalis 
Anemone  patens 
Astragalus  alpinus 
Clematis  hirsutissima 
Solidago  nemoralis 
Potentilla  hippiana 
Iris  missouriensis 
Antennaria  rosea 
Smilacina  stellata 
Maianthemum  canadense 
Sanicula  marilandica 
Lupinus  parviflorus 
Artemisia  ludoviciana 
Phlox  hoodii 
Zygadenus  elegans 
Hymenoxys  acaulis 
Musineon  divaricatum 
Grindelia  squarrosa 
Leucocrinum  montanum 
Geum  triflorum 
Phlox  alyssiofolia 
Polygala  alba 
Echinacea  angustifolia 
Chrysopsis  villosa 
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HU-1:  Pin  us  ponderosa/Juniperus  communis/ 
Symphoricarpos  albus/Berberis  repens 
(fig.  2). 

HU-1  is  found  on  the  limestone  plateau 
of  the  northwestern  and  western  Black  Hills 
(map  4).  The  average  elevation  of  the  24 
sample  stands  is  6,315  feet  (range:  5,675  to 
6,775  feet).  Most  of  the  stands  occur  between 
the  22-  and  24-inch  isohyets,  which  makes  this 
the  most  mesic  HU  of  the  ponderosa  pine 
forest. 

The  relatively  high  constancy  and  frequency 
of  all  sizes  classes  of  Pinus  ponderosa  indicates 
this  HU  provides  good  growing  conditions  for 
this  species.  The  presence  of  Picea  glauca 
and  Populus  tremuloides  in  many  stands  is 
a  further  indication  of  the  mesic  nature  of  this 
HU. 

The  understory  in  most  of  the  stands  is 
characterized  by  a  tall-shrub  stratum  of  Juni- 
perus  communis  3  feet  or  more  in  height, 
and  a  low-shrub  stratum  with  Symphoricarpos 
albus  as  the  most  frequent  species.  Shrubs 
are  also  important  components  of  the  herb 
stratum.  Dense  mats  of  the  prostrate,  woody 
perennial  Arctostaphylos  uva-ursi  are  a  common 
feature.  However,  the  most  characteristic  shrub 
in  the  herb  stratum  is  Berberis  repens. 

Many  species  of  graminoids  and  forbs  are 
present  at  high  constancy  and  frequency  in 
the  herb  stratum.  Among  the  most  important 
are  Oryzopsis  asperifolia,  Achillea  millefolium, 
Frag  aria  vesca,  Galium  biflorum,  and  the  in- 
digenous legumes  Vicia  americana  and  Lathy- 
rus  ochroleucus.  It  should  be  noted  that  except 
for  Berberis  repens,  all  of  the  important  species 
in  the  HU  also  occur  in  several  other  HU. 
Because  we  are  dealing  with  subdivisions  of  a 
larger  entity  with  a  common  dominant  attribute, 
that  is,  a  forest  dominated  by  Pinus  ponderosa, 
the  presence  of  many  of  the  same  species  in 
several  HU  is  not  unexpected. 

All  of  the  soils  described  in  this  HU  are 
developed  from  limestone  parent  material.  They 
have  well-developed  sola  with  an  A1/A2/B2/C 
horizon  sequence.  The  average  solum  depth  is 
15.0  inches  (range:  8.0  to  37.0  inches)  and  the 
reaction  is  neutral  to  basic  through  the  entire 
solum,  with  strong  effervescence  with  hydro- 
chloric acid  in  the  lower  horizons. 
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Figure    2.—HU-  1: 


Pinus  ponderosa/ Junipewt 
communis  /  Symphoricarpos 
albus/Berberis  repens 
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figure    3.—HU-  2: 

Pin  us  po  nde  rosa  /Sh  eph  e  rdia 
canadensis  /  Symphoricarpos 
albus  /  Arctostaphylos  uva- 
ursi 


HU-2:  Pin  us  ponderosa  Shcpherdia  canaden- 
sis /Symphoricarpos  albus /Arctostaphy 
los  uva-ursi  (fig.  3). 

HU-2  is  present  in  the  same  general  geo- 
graphic region  of  the  Black  Hills  as  HU-1  (map 
1),  but  at  lower  elevations  (mean:  5,660  feet; 
range:  5,575  to  6,000  feet)  and  on  noncalcareous 
geologic  material.  Annual  precipitation  for  all 
stands  is  between  20  and  22  inches. 

Constancy  and  frequency  of  the  two  smallest 
size  classes  of  Pinus  ponderosa  are  slightly 
greater  than  in  HU-1.  Picea  glauca  did  not 
occur  in  any  of  the  nine  sample  stands  included 
in  HU-2,  but  Populus  tremuloides  and  Betula 
papyrifera  are  occasional  members  of  the  over- 
story  canopy.  Betula  papyrifera  is  usually  most 
abundant  on  and  around  outcrops  of  vertically 
oriented  rock,  a  common  feature  of  the  HU-2 
landscape. 

Shepherdia  canadensis  is  the  most  frequent 
member  of  the  tall-shrub  stratum,  but  it  is 
present  at  relatively  low  constancy  and  fre- 
quency. Juniperus  communis  is  much  less 
frequent  than  in  HU-1.  The  most  important 
low  shrubs  are  Symphoricarpos  albus,  Rosa 
fendleri,  and  Amelanchier  alnifolia.  Arcto- 
staphylos uva-ursi  is  the  shrub  dominant  in 
the  herb  stratum.  Berberis  repens  is  com- 
pletely absent. 

The  constancy  and  both  mean  and  maxi- 
mum frequencies  of  graminoids  and  forbs  are 
lower  in  HU-2  than  in  HU-1.  Danthonia  inter- 
media and  Agropyron  griffithsi  are  the  most 
common  graminoids.  Oryzopsis  asperifolia  has 
relatively  high  constancy,  but  low  frequency. 
Achillea  millefolium,  Apocynum  androsaemi- 
folium,  Antennaria  neglecta,  and  Campanula 
rotundifolia  are  high-constancy  forb  species. 
Thermopsis  rhombifolia,  present  at  high  fre- 
quency in  four  of  the  nine  stands  included 
in  the  HU,  is  rare  elsewhere  in  the  ponderosa 
pine  forest. 

Soils  in  HU-2  are  developed  from  either 
micaceous  schists  or  metamorphosed  rocks 
which  are  high  in  iron.  All  but  one  of  the 
nine  profiles  described  have  the  A1/A2/B2/C 
horizon  sequence.  The  exception  is  located  on 
a  steep  talus  slope  covered  by  an  overlay  of 
colluvium,  and  has  an  Al/C/R  sequence.  Soil 
reaction  is  acidic  throughout  the  sola  (mean: 
pH  5.7;  range  pH  5.1  to  6.1).  The  average 
depth  to  the  C  horizon  is  15.2  inches  (range: 
4  to  27  inches). 
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HU-3:    Pinus   ponderosa/Potentilla  fruticosa/ 
Symphorocarpos   albus/Fragaria    vesca 

(fig.  4). 

HU-3  is  represented  by  a  single  stand  on 
the  north  side  of  an  exposed  limestone  ridge 
at  an  elevation  of  6,895  feet,  the  highest  stand 
sampled. 

The  overstory  is  a  stand  of  Pinus ponderosa 
predominantly  in  the  4  to  8  d.b.h.  class.  No 
other  species  of  trees  are  present. 

The  understory  is  characterized  by  a  well- 
developed  tall-shrub  stratum,  with  Potentilla 
fruticosa  as  the  most  frequent  species.  This 
is  the  only  HU  in  the  ponderosa  pine  forest 
where  Potentilla  fruticosa  is  present  at  more 
than  8  percent  frequency.  In  the  Black  Hills, 
it  usually  grows  on  the  ecotone  between  moun- 
tain grasslands  and  ponderosa  pine-white  spruce 
(Picea  glauca)  forest  on  the  limestone  plateau. 
It  appears  to  be  confined  to  soils  derived  from 
calcareous  parent  materials.  Shepherdia  cana- 
densis and  Juniperus  communis  are  both  present 
at  high  frequency  in  the  tall-shrub  stratum. 
The  low-shrub  stratum  is  dominated  by  Sym- 
phoricarpos  albus  with  Rosa  fe ndleri as  a  species 
of  secondary  importance. 

The  herb  stratum  is  poorly  developed.  Both 
Arctostaphylos  uva-ursi  and  Berberis  repens 
are  absent.  Only  five  species  of  graminoids 
and  forbs  exceed  20  percent  frequency,  and 
only  13  herb  species  are  present.  Of  these, 
Fragaria  vesca  is  the  most  frequent. 

The  solum  is  stony  throughout  with  a 
weakly  developed,  clayey  surface  (Al)  horizon 
about  9  inches  thick.  Below  9  inches  the  soil 
is  approximately  80  percent  limestone  rock  with 
a  range  in  pH  of  7.7  to  8.1. 

HU-4:     Pinus  ponderosa/Symphoricarpos  occi- 
dentalis/Rosa  fendleri/Poa  pratensis 
(fig.  5). 

HU-4  occupies  the  ecotone  between  dense 
ponderosa  pine  forest  and  adjacent  meadows 
dominated  by  Poa  pratensis.  It  is  present  at 
elevations  averaging  5,900  feet  (range:  5,100  to 
6,450  feet)  on  a  variety  of  geologic  formations 
in  the  central  region  of  the  Black  Hills.  Aver- 
age annual  precipitation  for  all  stands  is  20 
inches  or  more. 

The  Pinus  ponderosa  overstory  is  open, 
and  the  trees  occur  at  much  lower  constancy 
and  frequency  than  in  any  of  the  previously 
described  HU. 

The  major  species  in  the  tall-shrub  stratum 
is  Symphoricarpos   occidentalis.      This  species 


Figure     4.—HU-  3: 

Pinus  ponderosa  /  Potent 
fruticosa  /  Symphoricarpos 
bus/Fragaria  vesca 


is  indigenous  to  meadows  at  low  to  modej/ai 
high  elevations  in  the  Black  Hills,  and  is  c< 
mon  on  the  prairies  to  the  east.    It  does 
appear  to  be   well  adapted  to  calcareous  s- 
since  it   is  absent  from  the  meadows  on 
limestone  plateau. 

The  low-shrub  stratum  has  Rosa  fend 
and  Rosa  suffulata  as  the  most  important  a 
ponents.  Since  these  two  species  were  diffic 
to  identify  on  the  basis  of  vegetative  charac 
istics  they  have  been  combined  in  table  2  unc 
Rosa  fe  ndleri. 

Poa  pratensis  is  by  far  the  most  import 
species  in  the  herb  stratum;  all  other  graminc 
are  present  at  much  lower  constancy  and  : 
quency.      The   presence   of  Stipa   viridula  < 
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HU-5:     Pinus     ponderosa/Symphoricarpos     di- 
bits/Arctostaphylos  uva-ursi    (fig.  6). 

Twenty-five  stands  are  classified  in  HU-5 
which  is  the  most  widely  distributed  unit  in 
the  ponderosa  pine  forest  (map  4).  It  occurs 
over  a  large  range  in  elevation  in  the  north- 
eastern, central,  and  southern  Black  Hills.  The 
mean  elevation  of  the  25  stands  is  5,000  feet 
(range:  3,725  to  6,100  feet).  All  but  three 
stands  are  on  noncalcareous  geologic  material— 
mainly  the  micaceous  schists  of  the  central 
region.  Those  on  calcareous  material  are  located 
along  the  eastern  edge  of  the  limestone  plateau 
at  elevations  between  4,000  and  5,000  feet.  A 
majority  of  the  stands  in  this  HU  receive  less 
than  22  inches  average  annual  precipitation,  and 
in  several,  precipitation  is  below  20  inches 
a  year. 


" 


Figure    5.—HU-  4: 

Pinus  ponderosa  /Symphori- 
carpos  occidentalis  /  Rosa 
fendleri/Poa  pratensis 


Carex  heliophila  in  two-thirds  of  the  stands 
sampled  indicates  the  grassland  affinities  of 
the  herb  stratum.  The  relationship  to  adjacent 
grasslands  is  supported  by  the  presence  of  such 
forbs  as  Solidago  nemoralis ,  Potentilla  hippiana, 
and  Iris  missouriensis,  all  of  which  are  common 
meadow  species  in  the  Black  Hills. 

The  soils  in  HLM  are  much  deeper  than  in 
any  of  the  previously  described  HU.  Average 
depth  of  the  solum  is  23.0  inches  (range:  17.0 
to  34.0  inches).  All  horizons  are  dark  colored 
and  high  in  organic  material.  All  but  one  of 
:he  described  profiles  have  an  A1/A2/B2/C 
tiorizon  sequence.  The  A2  horizon  is  missing 
Tom  the  exception.  B2  horizons  are  clayey 
vvith  strong,  angular  blocky  structure;  soil  drain- 
age appears  to  be  restricted  by  this  horizon. 
Average  soil  reaction  in  the  B2  horizon 
rs  pH  6.4. 


Figure     6.—HU-  5: 

Pinus    ponderosa, Symphori- 

carpos   albus/A rctostaph ylos 

uva-ursi 
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Pinus  ponderosa  trees  in  the  <  4  -inch  and 
4-  to  8-inch  d.b.h.  classes  are  very  common, 
and  several  stands  have  such  a  dense  over- 
story  of  small  d.b.h.  trees  that  the  understory 
is  only  minimally  developed.  These  dense 
stands  of  Pinus  ponderosa  occur  only  in  HU-5. 
The  causes  of  their  origin  have  not  been  deter- 
mined, but  interruption  of  the  more  or  less 
cyclic  pattern  of  forest  fires  which  occurred 
previous  to  settlement  of  the  Black  Hills  may 
be  an  important  factor  in  their  development. 
Seedlings  of  Pinus  ponderosa  reach  their  great- 
est constancy  and  frequency  in  this  HU.  Popu- 
lus  tremuloides,  Betula  papyrifera,  and  Quercus 
macrocarpa  are  occasional  members  of  the  forest 
overstory. 

The  understory  is  sparsely  developed  with 
a  greater  incidence  of  bare  ground  and  litter, 
and  a  tall-shrub  stratum  is  absent.  Juniperus 
communis  and  Shepherdia  canadensis  are  pres- 
ent in  some  stands,  but  do  not  exceed  3  feet 
in  height  and  are  widely  scattered.  Symphori- 
carpos  albus  forms  an  open  low-shrub  stratum, 
but  its  mean  frequency  is  greatly  reduced  from 
that  of  the  previously  described  HU.  Mats  of 
Arctostaphylos  uva-ursi  are  a  common  feature 
of  the  herb  stratum,  although  it  too  is  slightly 
reduced  in  constancy  and  frequency  when  com- 
pared to  the  more  mesic  HU  previously  described. 

Danthonia  intermedia  and  Carex  concinna 
are  the  most  frequent  graminoids.  Achillea 
millefolium  is  again  the  leading  forb  species. 
There  is  a  distinct  reduction  in  the  constancy 
and  frequency  of  all  the  forb  species,  however, 
which  reflects  the  more  xeric  environmental 
conditions  generally  present. 

Average  solum  depth  is  14.8  inches  (range: 
6.0  to  30.0  inches).  Upper  soil  horizons  are 
quite  rocky  and  exposed,  and  vertically  oriented 
rock  outcrops  are  a  common  feature  of  the 
landscape.  The  subsoil  is  generally  acidic  except 
on  limestone,  where  it  may  reach  pH  8.5. 
The  horizon  sequences  are  either  A1/A2/B2/C 
or  A1/B2/C.  An  A2  horizon  is  present  in  17 
of  the  25  profiles.  All  but  one  of  the  soils 
without  an  A2  horizon  have  B2  horizons;  the 
exception  has  an  Al/AC/C  sequence. 


HU-6:  Pinus  ponderosa-Quercus  macrocarpa  ^ 
Prunus  virginiana/Symphoricarpos  a  «s 
bus/Berberis  repens  (fig.  7).  " 

n'ra 
HU-6    is    represented    by  four  stands,  al,  eet 

located  along  the  northern  edge  of  the  Blac  w 

Hills  at  elevations  between  3,850  and  4,550  feel  |on 

All  of  the   stands  are  on  calcareous  geologii im 

material   and  lie  between  the  20-  and  22-inc  ,0 

isohyets.  \m 

Small  Quercus  macrocarpa  are  the  mosi  .„[ 
frequent  overstory  species,  but  the  average 
height  of  these  trees  is  less  than  that  of  th 
intermixed  Pinus  ponderosa.  Both  species  hav,  ■  i 
been  logged  in  the  past.  Many  large-diamett  } 
stumps  of  Quercus  macrocarpa  are  present  m 
and  many  of  the  small  trees  have  sproute 
from  old  root  crowns. 

The  tall-shrub  stratum   is   well  developed' 
Prunus    virginiana,    Quercus   macrocarpa,   ann 
Amelanchier  alnifolia  all  occur  at  high  constanc 
and  frequency,  and  may  exceed  6  feet  in  heigh 
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Figure     7.—HU-  6: 

Pinus  ponderosa  -  Quercu; 
macrocarpa  /Prunus  virgini 
ana  /  Symphoricarpos  albus, 
Berberis  repens 
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te  first  and  last  of  these  tall  shrubs  are 
esent  over  much  of  the  ponderosa  pine  forest, 
t  are  usually  not  over  1.5  feet  tall.  Ostrya 
-giniana  forms  a  tall-shrub  stratum  over  10 
Jt  high  in  three  of  the  four  stands.  Quercus 
icrocarpa  and  Ostrya  virginiana  are  sympatric 
)ng  much  of  the  northern  edge  of  the  Black 
lis.  The  low  shrub  stratum  is  dominated  by 
mphoricarpos  albus  and  Spiraea  lucida.  Ber- 
ris  repens  occurs  at  high  frequency  in  the 
>rb  stratum  and  Toxicodendron  radicans  is 
esent  at  low  frequency  in  all  stands. 

Many  graminoids  and  forbs  are  present  at 
gh  frequency  in  the  herb  stratum  in  spite  of 
e  dense  shrub  strata.  Many  of  these  are 
ecies  also  found  throughout  the  ponderosa 
lie  forest,  but  two  species,  Maianthemum 
nadense  and  Sanicula  marilandica,  are  rare 
cept  in  this  HU. 

The  soils  in  HU-6  are  deeper  than  in  most 
the  other  HU  of  the  ponderosa  pine  forest, 
le  average  solum  thickness  is  24.3  inches  with 
range  of  14.0  to  29.0  inches.  All  four  profiles 
ewell  developed  with  the  A1/A2/B2/C  horizon 
quence  and  have  neutral  to  basic  reaction, 
te  01  horizon  (litter)  is  thicker  than  in  any 
her  HU  because  of  the  accumulation  of  leaves 
)m  Quercus  macrocarpa  and  the  many 
ciduous  shrubs. 


Figure    8.—HU-   7: 

Pinus  ponderosa  -  Quercus 
macrocarpa  / Prunus  virgini- 
ana /  Symphoricarpos  albus/ 
Schizachne  purpurascens  - 
Car  ex  foenea 


J-7:  Pinus  ponderosa-Quercus  macrocarpa/ 
Prunus  virginiana/Symphoricarpos  al- 
bus /Schizachne  purpurascens -Car  ex 
foenea  (fig.  8). 

HU-7  is  represented  by  a  single  stand  on 
e  eastern  edge  of  the  central  Black  Hills  at 

elevation  of  4,300  feet.   It  is  related  to  HU-6 

several  attributes,  but  differs  in  that  it 
curs  on  a  very  acidic  soil,  has  a  greater 
jquency  of  large-diameter  Quercus  macro- 
rpa  in  the  overstory,  and  a  herb  stratum 
minated  by  graminoids. 

Quercus  macrocarpa  is  codominant  in  the 
erstory  with  Pinus  ponderosa.  A  few  Quer- 
s  macrocarpa  trees  larger  than  12  inches 
D.h.  are  scattered  through  the  stand.  Many 
•ge-diameter  stumps  suggest  that  Quercus 
icrocarpa  may  have  been  the  dominant  species 
ior  to  logging.  Pinus  ponderosa  in  the  4-  to 
nch  d.b.h.  class  is  presently  the  most  frequent 
erstory  species. 


Prunus  virginiana  is  the  most  frequent 
species  in  the  tall-shrub  stratum,  and  Sym- 
phoricarpos albus  is  the  low-shrub  dominant. 
Neither  Berberis  repens  nor  Toxicodendron  radi- 
cans are  present  in  the  herb  stratum.  Car  ex 
foenea  and  Schizachne  purpurascens  both  occur 
at  high  frequency  in  the  herb  stratum. 
Schizachne  purpurascens  is  rare  elsewhere  in 
the  ponderosa  pine  forest.  The  forb  Smilacina 
stellata  is  also  present  with  moderate  frequency 
and  gives  the  herb  stratum  a  distinctive  appear- 
ance. 

The  solum  has  an  A1/A2/B2/B3  horizon 
sequence,  and  is  more  than  36  inches  deep. 
The  B2  horizon  is  very  acidic  (pH  4.5)  which 
may  account  for  the  absence  of  Berberis  repens. 
A  litter  horizon  (01)  and  a  well-defined  humus 
horizon  (02)  are  present. 
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HU-8:  Pinus  ponder osa/Prunus  oirginiana/ 
Amelanchier  alnifolia/ Galium  biflorum 
(fig.  9). 

HU-8  is  represented  by  one  stand  at  the 
base  of  a  steep  limestone  cliff  along  one  of 
the  major  streams  (Little  Spearfish  Creek)  in 
the  northern  Black  Hills.  This  very  mesic, 
protected,  semiriparian  site  is  between  the  22- 
and  24-inch  isohyets,  although  the  elevation 
is  only  5,200  feet. 

The  overstory  is  a  rather  open  stand  of 
small-diameter  Pinus  ponderosa.  A  few  Betula 
papyrifera  up  to  15  feet  tall  are  scattered 
through  the  stand.  The  tall-shrub  stratum  is 
composed  of  Primus  virginiana,  Shepherdia 
canadensis,  and  Corylus  cornuta.  This  is  the 
only  HU  in  the  ponderosa  pine  forest  where 
Corylus  cornuta  is  present  at  high  frequency. 
Cornus  stolonifera,  present  at  low  frequency, 
indicates  the  mesic  nature  of  this  HU  since 
in  the  Black  Hills  it  grows  only  along  streams. 

The  low-shrub  stratum  is  well  developed 
with  Amelanchier  alnifolia  present  at  high  fre- 
quency. Symphoricarpos  albus,  Spiraea  lucida, 
and  Rosa  fendleri  occur  at  moderately  high 
frequency.  Berberis  repens  and  Arctostaphylos 
uva-ursi  are  prominent  but  do  not  dominate 
the  herb  stratum.  Poa  pratensis  is  the  only 
graminoid  to  exceed  20  percent  frequency. 
Several  forb  species  are  present  at  frequencies 
exceeding  20  percent.  Galium  biflorum  is  the 
herb  stratum  dominant.  Monarda  fistulosa 
is  also  abundant. 

The  soil  is  developed  from  limestone  colluvi- 
um.  The  solum  is  20.0  inches  deep,  rocky 
throughout,  and  has  a  basic  reaction.  An  01 
horizon  1-1/2  inches  thick  and  a  1/2-inch-thick 
02  horizon  are  present.  The  horizon  sequence 
is  A1/A2/B2/R. 


Figure     9.—HU-  8: 

Pinus  ponderosa / Prunus  vii\ 
giniana  /  Amelanchier  aln 
folia / Galium  biflorum 
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Figure  10— HU-  9: 

Pinus  ponderosa   /  Poa  pra- 
tensis  - Danthonia  intermedia 


HU-9:     Pinus    ponderosa /Poa    pratensis-Dan- 
thonia  intermedia  (fig.  10). 

HU-9  is  represented  by  seven  stands,  five 
in  the  southern  Black  Hills  (map  4).  The  other 
two  are  located  on  exposed  sites  in  old  forest 
fire  burns.  The  average  elevation  of  all  stands 
is  5,250  feet  (range:  4,950  to  5,500  feet).  Most 
lie  between  the  18-  and  20-inch  isohyets.  Five 
of  the  stands  occur  on  granitic  material,  one 
on  calcareous  material,  and  one  on  micaceous 
shale. 

Pinus  ponderosa  is  the  only  overstory 
species.  The  overstory  canopy  is  open,  and 
all  d.b.h.  classes  are  present  at  low  frequency. 
Many  of  the  trees  are  short  with  heavy  limbs. 

No  shrub  species  are  present  at  more  than 
67  percent  constancy,  and  the  general  appear- 
ance of  the  HU  is  that  of  an  open  pine  stand 
with  a  grassy  understory.  Poa  pratensis  is  by 
far  the  most  frequent  species  in  the  herb 
stratum;  in  one  stand  it  occurred  at  99  percent 
frequency.  Danthonia  intermedia  and  Koeleria 
cristata  are  also  present  in  all  stands,  but 
always  at  lower  frequencies  than  Poa  pratensis. 
Achillea  millefolium  is  the  only  forb  species 
with  100  percent  constancy.  Most  of  the  forbs 
present  are  species  common  to  moderately  moist 
grasslands  at  moderate  elevations  in  the 
Black  Hills. 

Sola  average  12.0  inches  in  thickness.  The 
B2  horizon  is  absent  from  five  of  the  seven 
soil  profiles,  and  the  general  horizon  sequence 
is  Al/AC/C/R.  One  of  the  two  soils  with  a 
B2  horizon  is  located  on  old  forest  fire  burn 
in  the  central  Black  Hills.  The  other  is  in  a 
moist  draw  on  calcareous  parent  material.  B2 
horizons  appear  to  develop  more  readily  on 
calcareous  than  on  noncalcareous  parent 
materials. 
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HU-10:  Pin  us  ponderosa- Juniper  us  scopu- 
lorum/Cercocarpus  montanus /Sym- 
phoricarpos  albus/Andropogon  sco- 
parius   (fig.  11). 

HU-10  is  represented  by  three  stands  in 
the  southwestern  Black  Hills  (map  4).  The 
mean  elevation  of  the  stands  is  5,225  feet 
(range:  5,000  to  5,475  feet).  Mean  annual 
precipitation  is  18  to  20  inches. 

The  overstory  is  characterized  by  an  open 
stand  of  Pinus  ponderosa  with  scattered  Juni- 
perus  scopulorum. 

The  tall-shrub  stratum  is  a  dense  stand 
of  Cercocarpus  montanus.  Individual  plants 
exceed  10  feet  in  height  and  grow  so  closely 
together  that  movement  through  the  stand 
is  very  difficult.  Cercocarpus  montanus  is  very 
localized  in  the  Black  Hills.  It  grows  only  on 
the  limestone  formations  along  the  south- 
western, southern,  and  southeastern  periphery 
of  the  Black  Hills.  In  spite  of  the  limited 
number  of  representative  stands,  this  HU  is  a 
distinct  unit,  easily  recognizable  in  the  field. 
The  three  stands  have  a  minimum  similarity 
of  K  >70.  HU-10  resembles  the  mountain  brush 
type  found  at  low  to  moderate  elevations 
throughout  much  of  the  central  Rocky  Moun- 
tain region. 

A  number  of  other  shrub  species  which  are 
uncommon  elsewhere  in  the  ponderosa  pine 
forest  of  the  Black  Hills  are  found  in  this  HU. 
Among  these  are  Rhus  trilobata,  Ribes  inerme, 
and  Yucca  glauca.  Symphoricarpos  albus  is 
frequent  in  the  low-shrub  stratum. 

The  major  species  in  the  herb  stratum  are 
graminoids  and  forbs  with  prairie  affinities. 
Andropogon  scoparius,  Agropyron  smithii, 
Bouteloua  curtipendula,  and  Koeleria  cristata 
are  the  more  important  graminoids.  Artemisia 
ludoviciana,  Phlox  hoodii,  Anemone  patens, 
Zygadenus  elegans,  and  Hymenoxys  acaulis 
are  present  in  all  stands.  The  presence  of 
Musineon  divaricatum,  Grindelia  squarrosa,  and 
Leucocrinum  montanum,  even  with  less  than 
100  percent  constancy,  is  a  further  indication 
of  the  prairie   affinities   of  the   herb   stratum. 

The  soil  parent  material  under  all  stands 
is  limestone.  The  horizon  sequence  is  Al/ 
AC/C/R,  and  soil  texture  is  a  stony  or  gravelly 
loam  throughout  the  solum.  Solum  depths 
range  from  7  to  31  inches,  with  strong  hydro- 
chloric acid  effervescence  in  all  horizons. 
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Figure  11.— HU-10: 


Pinus  ponderosa  -  JuniperuM 
scopulorum  /  CercocarpuM 
montanus  /  Symphoricarpoin 
albus  /  Andropogon  scopariuii 
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Figure  12.—HU-11: 

Pinus      ponderosa  /  Andro- 
pogon  scoparius 


HU-11:   Pinus  ponderosa/ Andropogon scopari us 
(tig.  12). 

HU-11  is  confined  to  the  southwestern  part 
of  the  Black  Hills,  a  relatively  low  and  dry 
region  with  rolling  topography.  The  ponderosa 
pine  forest  is  interspersed  among  extensive 
dry  prairies,  and  generally  occurs  along  water- 
courses and  the  mesic  aspects  of  hills  and 
canyons.  The  average  elevation  of  the  nine 
stands  representing  this  HU  is  5,165  feet  (range: 
4,825  to  5,475  feet).  Most  of  the  stands  are 
between  the  18-  and  20-inch  isohytes,  with 
several  stands  having  less  than  18  inches  mean 
annual  precipitation.  The  limestone  plateau 
is  very  extensive  in  this  part  of  the  Black  Hills, 
and  all  of  the  stands  are  located  on  this  geo- 
logic formation. 

The  Pinus  ponderosa  overstory  is  relatively 
dense.  Trees  greater  than  4  inches  d.b.h. 
are  frequent,  as  are  seedlings.  Larger  Pinus 
ponderosa  trees  are  usually  limby  and  flat- 
topped.  Juniperus  scopulorum  is  sometimes 
present  as  a  subordinate  tree.  Only  two  species 
of  low-shrubs,  Rosa  fendleri  and  Symphori- 
carpos  albus,  are  present.  Neither  exceeds 
67  percent  constancy  and  they  occur  only  at 
low  frequency  and  are  rarely  more  than  1 
foot  in  height. 

The  herb  stratum  is  related  to  the  surround- 
ing prairie.  Andropogon  scoparius  is  the  most 
frequent  species  and  the  only  one  with  100 
percent  constancy.  Koeleria  cristata  is  present 
in  all  but  one  stand,  but  never  exceeds  10 
percent  frequency.  The  presence  of  Leuco- 
crinum  montanum  and  Phlox  alyssifolia  in 
many  stands  indicates  the  prairie  affinities  of 
the  herb  stratum. 

Sola  are  relatively  deep  (mean:  19.7  inches; 
range:  10.0  to  26.0  inches)  and  have  an  Al/ 
B2/C/R  horizon  sequence.  Soil  reaction  is  neu- 
tral to  basic  (pH  7.2  to  8.0)  in  the  subsurface 
horizons  and  only  slightly  acid  in  the  surface 
horizons.  The  surface  horizons  are  relatively 
deep  and  dark  colored  from  the  presence  of 
fibrous  roots  of  graminoid  species. 
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HU-12:    Pinus     ponderosa/Prunus     virginiana/ 
Andropogon  scoparius  (fig.  13). 

HU-12  is  represented  by  nine  stands  on  the 
periphery  of  the  Black  Hills  at  elevations  below 
4,700  feet  (mean:  4,265  feet;  range:  3,925  to 
4,675  feet).  The  northern  and  extreme  southern 
stands  are  on  calcareous  geologic  material,  while 
those  in  the  east-central  foothills  are  underlain 
by  either  granitic  or  metamorphosed  formations. 
Mean  annual  precipitation  for  all  stands  is 
between  18  and  20  inches. 

The  overstory  is  open  and  trees  are  short 
with  large  limbs.  Seedlings  of  Pinus  ponderosa 
are  relatively  common.  Small  Quercus  macro- 
carpa  are  present  in  several  stands,  and  the 
general  appearance  of  the  overstory  is  that 
of  an  impoverished  HU-6.  Juniperus  scopu- 
lorum  was  present  in  one  stand. 

The  understory  is  also  quite  open  and 
without  a  tall-shrub  stratum.    The  low-shrub 


stratum  has  Prunus  virginiana  as  the  most 
frequent  species;  plants  are  almost  always  under 
2  feet  high  when  mature.  Rosa  fendleri  is  the 
second  most  constant  shrub.  Both  Symphori- 
carpos  occidentalis  and  S.  albus  are  present, 
but  at  low  constancy,  although  occasionally 
at  high  frequency.  Amorpha  canescens  is  also 
common  in  the  low  shrub  stratum. 

Andropogon  scoparius  is  the  most  frequent 
species  in  the  herb  stratum.  Lupinus  parvi- 
florus  and  Artemisia  ludoviciana  are  also  com- 
mon constituents. 

Soil  depths  are  variable.  Two  of  the  stands 
have  soils  with  shallow  sola  (1.5  and  12.0 
inches)  and  an  Al/C/R  horizon  sequence.  The- 
other  seven  stands  have  deep  sola  (mean: 
28.1  inches;  range:  23.0  to  41.0  inches)  with 
an  A1/B2/C/R  sequence.  The  subsoil  reaction 
on  the  soils  developed  from  limestone  is  as 
high  as  pH  9.0.  On  noncalcareous  soils  thee 
subsoil  is  acidic  (pH  6.0  to  6.6). 


Figure  13.— HU-12: 


Pinus  ponderosa  /  Prunu 
virginiana  /Andropogon  sec 
pari  us 
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U-13:  Pinus  ponderosa/Andropogon   scopari- 
us-Bouteloua  gracilis  (fig.  14). 

The    single    stand    representing    HU-13    is 
cated  in  the  extreme  southeastern  Black  Hills 

an  elevation  of  4,675  feet.    This  is  the  most 
:ric  part  of  the  region,  with  an  annual  pre- 
station between  16  and  18  inches. 
Only  scattered  Pinus  ponderosa  are  present 

this  area.  No  tree  size  Pinus  ponderosa 
e  present  on  the  sample  plot  and  the  general 
pearance  of  the  site  is  that  of  an  Andro- 
gon  scoparius  grassland.  A  few  Pinus  pon- 
rosa  seedlings  are  present  which  indicates 
e  area  can  support  the  species. 


The  only  shrub  species  present  is  Artemisia 
frigida.  Andropogon  scoparius,  Bouteloua  gra- 
cilis, and  B.  curtipendula  are  the  most  frequent 
graminoids.  Stipa  comata  and  Andropogon 
gerardii  are  present  at  low  frequency.  Several 
of  the  forb  species  occur  only  in  this  HU. 
Among  these  are  Polygala  alba.  Echinacea  an- 
gustifolia,  Chrysopsis  villosa,  Paronychia  dc- 
pressa,  and  Hackelia  virginiana.  All  are  prairie 
species. 

The  soil  in  this  HU  is  derived  from  lime- 
stone and  has  an  Al/AC/C  profile.  Depth  to 
the  top  of  the  C  horizon  is  22  inches.  The  Al 
horizon  is  dark  colored  and  high  in  grass  roots. 
Soil  reaction  is  pH  7.4  or  greater  throughout 
the  solum. 


DISCUSSION 


igure  14.— HU-13. : 

Pinus  ponderosa  /  Andro- 
pogon scoparius -Bouteloua 
gracilis 


The  purpose  of  habitat  classification  for 
wildlife  management  is  to  separate  a  large, 
heterogeneous  habitat  into  more  homogeneous 
units  which  are  enough  alike  to  be  administered, 
manipulated,  or  evaluated  in  groups.  Previous- 
ly, habitats  have  been  grouped  almost  entirely 
by  subjective  methods.  While  this  may  be 
satisfactory  for  extensive  management,  or  where 
distinctly  different  kinds  of  habitats  exist  sym- 
patrically,  more  objective  classification  methods, 
particularly  those  based  on  quantitative  evalu- 
ation of  actual  features  or  attributes  of  the  area 
under  consideration,  are  needed  for  intensive 
management.  This  is  particularly  true  for  habi- 
tats such  as  the  ponderosa  pine  forest  of  the 
Black  Hills  which  cover  extensive  areas,  or  have 
a  relatively  homogeneous  feature  such  as  a 
closed  canopy  tree  overstory  which  makes  the 
understory  or  other  habitat  variations  difficult 
to  distinguish. 

The  application  of  computers  to  the  solution 
of  classification  problems  in  plant  taxonomy 
and  ecology  has  received  a  great  deal  of  atten- 
tion in  recent  years.  Techniques  are  available 
to  make  ordered  and  logical  arrangements  of 
heterogeneous  entities.  The  method  used  in 
this  study,  cluster  analysis,  is  only  one  of  the 
many  available.  It  may  be  defined  as  an 
agglomerative  (combination  of  individual  en- 
tities into  a  whole)  mathematical  procedure 
which  groups  together  entities  with  the  great- 
est number  of  shared  attributes. 

Although  HU  may  be  designated  at  minimum 
levels    of    similarity  higher  than   K>60,   both 
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the  total  number  of  HU  and  the  percentage  of 
HU  containing  three  or  less  stands  increase 
greatly  (table  3). 

The  number  of  HU  approximately  doubles 
for  each  5  percent  increase  in  K,  while  the 
percentage  of  HU  containing  three  or  less 
stands  increases  from  39  percent  at  K>60, 
to  57  percent  at  K  >65,  and  to  91  percent  at 
K  >70.  Increasing  the  minimum  level  of  simi- 
larity higher  than  K>60  apparently  defeats  the 
purpose  of  classification,  which  is  to  obtain 
groups  of  relatively  similar  stands. 

At  K>84,  all  HU  consist  of  a  single  stand, 
and  an  ordination  of  stands  is  obtained.  For 
some  purposes,  ordination  may  be  a  useful 
technique  of  analysis,  especially  where  strong 
environmental  gradients  are  present.  It  should 
be  noted  that  there  is  an  element  of  ordination 
in  the  arrangement  of  the  dendrogram  (fig.  1): 
there  is  a  general  decrease  in  precipitation, 
elevation,  etc.,  from  top  to  bottom.  However, 
there  are  also  abrupt  changes  in  other  environ- 
mental features  of  the  Black  Hills  such  as 
geological  formation,  and  these  are  reflected 
in  abrupt  changes  in  species  composition  and 
other  attributes.  Therefore,  classification  of 
stands  appears  to  be  a  more  appropriate  tech- 
nique of  analysis. 

In  assessing  the  validity  of  the  classification 
of  the  ponderosa  pine  forest  ecosystem,  several 


points  must  be  emphasized.  First,  as  with  ar 
classification,  only  the  things  being  classified 
in  this  instance,  the  sample  stands— are  re 
in  the  sense  that  they  actually  occur  in  natui 
Each  stand  has  a  set  of  measurable  (or 
least  recordable)  attributes  of  vegetation,  so 
and  site  which  characterize  it.  These  attribut 
are  the  result  of  a  sequence  of  environment 
events,  the  majority  of  which  are  usually  u 
known.  Furthermore,  the  combination  of  att  flf 
butes  which  characterize  a  stand  exist  only 
the  specific  time  at  which  they  were  records 
due  to  succession,  disturbance,  and  chanc 
Because  of  their  dynamic  nature,  no  two  stan 
can  be  expected  to  be  exactly  alike. 

Second,  any  classification  unit,  such  as  i{ 
HU,  is  an  abstraction  based  on  the  modal  ch«< 
acteristics  of  a  number  of  sample  stands  whin 
usually  are  widely  separated  geographical],! 
The  range  of  attribute  characteristics  of  a  uitj 
depends  on  the  attribute  variability  of  tlt| 
included  stands,  and  the  level  of  homogenei 
at  which  it  has  been  defined.  This  level 
homogeneity,  in  turn,  depends  upon  the  purpo  I 
for  which  the  classification  has  been  mac 
For  some  purposes,  very  high  levels 
homogeneity  may  be  desirable;  for  other  pi 
poses,  lower  levels  may  be  adequate,  or  evvj 
necessary.  Because  of  the  interdependence 
homogeneity  and   purpose,  there  does  not 
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Table  3-""Number  of  habitat  units  (HU)  with  one,  two,  three,  or  more  included 
stands  for  levels  of  similarity  of  K>60 ,  K>65 ,  and  K>70 


Number  of 
i  ncl uded 
stands 


HU  at  K>60 


HU 

at 

K>_65 

Number 

Percen t 

5 

19 

5 

19 

5 

19 

1  1 

43 

HU  at  K>70 


1 
2 

3 
h+ 

Total 


Number  Percent 

h  31 

1  8 

8  61 


13 


100 


26 


100 


Number 

29 

13 

h 

5 

51 


24 


Percei  i  i 

57 

26 

8 

9 

100 


;ar  to  be  an  intrinsic  level  of  homogeneity 
which  classification  units  must,  or  should, 
;  defined. 

Third,  synecological  classification  units  such 
i  HU  are  best  defined  on  a  multi-attribute 
isis,  although  they  often  may  be  recognized 
id  described  by  relatively  few  important  or 
ndicator"  attributes.  A  stand  which  is  said 
"belong"  to  a  given  HU  need  not  possess 
1  of  the  attributes  which  define  the  HU. 
jrthermore,  since  the  HU  are  defined  on  this 
ulti-attribute  basis,  the  effect  of  the  presence 
•  absence  of  a  single  attribute  is  minimal, 
tiis  minimal  effect  is  enhanced,  of  course, 
hen  attributes  are  unweighted  and/or 
andardized. 

Finally,  there  is  the  question:  What  con- 
itutes  a  "good"  classification?  For  syne- 
dogical  purposes,  units  in  a  good  classification 
low  close  relationship  with  what  occurs  in 
iture.  The  classification  must  provide  a  logical 
paration  of  the  landscape  into  units,  examples 
tands)  of  which  may  be  easily  recognized  in 
ie  field,  and  which  may  be  related  to  the 
ivironmental  regime. 

The  13  HU  defined  at  K  >  60  appear  to  con- 
itute  a  realistic  classification  of  the  ponderosa 
ne  forest  of  the  Black  Hills.  There  is  a 
:asonable  number  of  units,  examples  (stands) 
which  can  be  easily  recognized  in  the  field 
/  the  presence  and  prevalence  of  certain  attri- 
ltes,  particularly  plant  species. 

The  major  (multistand)  HU  show  a  good 
4ationship  with  environmental  features  of  the 
lack  Hills,  especially  geological  formation  and 
-ecipitation  regime,  neither  of  which  were 
rectly  used  in  the  calculation  of  the  similarity 
atrix.  The  general  regions  of  the  Black  Hills 
here  a  given  HU  can  be  expected  to  pre- 
aminate  can  be  mapped  (map  4). 

The  major  multistand  HU,  HU-1  (Pinus 
onderosa/Juniperus  communis  /Symphoricar- 
os  albus/Berberis  repens)  and  HU-5  (Pinus 
mderosa/Symphoricarpos  albus  /Arctostaphy- 
>s  uva-ursi)  are  the  most  extensive  subdivisions 
'  the  ponderosa  pine  forest.  In  general,  they 
:cupy  separate  geographic  regions  of  the  Black 
ills  and,  although  many  plant  species  are 
imraon  to  both,  there  are  distinct  differences 
i  both  overstory  and  understory  character- 
tics  and  in  environment  which  make  them 
stinguishable  in  the  field. 

HU-2  (Pinus  ponderosa/Shepherdia  cana- 
?nsis/Symphoricarpos  albus  /Arctostaphylos 
ba-ursi)  is  in  many  attributes  intermediate 
etween  HU-1  and  HU-5.  It  might  be  described 
J  a   mesic   phase   of  HU-5.     It  also  has  close 


relationship  to  HU-1;  the  major  differentiating 
attributes  are  the  absence  of  Berberis  re  pens 
and  the  occurrence  on  noncalcareous  geological 
materials.  These,  of  course,  are  interrelated, 
since  Berberis  repens  is  apparently  confined 
to  calcareous  soils  in  the  Black  Hills.  Although 
it  occurs  in  the  same  general  geographic  area 
and  at  similar  elevations,  HU-  4  (Pinus  pon- 
derosa/Symph  oricarpos  occiden  talis /Rosa  fend- 
leri/Poa  pratensis)  is  easily  distinguished  from 
the  above  three  HU  by  the  dominance  of  Sym 
phoricarpos  occidentalis  in  the  tall-shrub  stratum 
and  the  very  open  overstory  of  Pin  us  ponderosa. 

Except  for  HU-10  (Pinus  ponderosa-Juni- 
perus  scopulorum/Cercocarpus  montanus/Sym- 
phoricarpos  albus/Andropogon  scoparius) 
which  is  distinct  due  to  the  dominance  of 
Cercocarpus  montanus  in  the  understory,  the 
remaining  multistand  HU  are  less  easy  to  define. 
In  general,  they  represent  the  transition  zone 
between  ponderosa  pine  forest  and  the  Northern 
Great  Plains.  HU -9  (Pinus  ponderosa/Poa  pra- 
tensis-Danthonia  intermedia)  occupies  the  most 
mesic  sites  in  this  more  xeric  region  of  the 
Black  Hills.  IIU-12  (Pinus  ponderosa  Prunus 
virginiana/Andropogon  scoparius)  occurs  on 
exposed  locations  in  the  more  mesic  northern 
and  eastern  foothills,  and  shows  relationships 
in  a  few  attributes  to  HU-6  (Pinus  ponderosa- 
Quercus  macrocarpa/Prunus  virginiana/Sym- 
phoricarpos  albus/Berberis  repens)  and  HU-7 
(Pinus  ponderosa-Quercus  macrocarpa/Prunus 
virgin  iana/Symph  o  ricarpos  albus /Sch  izach  n  e 
purpurascens-Carex  foenea)  particularly  in  the 
presence  of  Quercus  macrocarpus  at  low  fre- 
quency in  some  of  the  stands.  HU-11  (Pinus 
ponderosa/Andropogon  scoparius)  occupies  the 
most  xeric  sites  with  a  Pinus  ponderosa  over- 
story. The  general  appearance  of  most  of  the 
stands  is  that   of  a   ponderosa   pine   savanna. 

The  four  single-stand  HU  defined  at  K  >  60 
are  distinct  in  many  attributes.  Two  of  them, 
HU-3  (Pinus  ponderosa/Potentilla  fruticosa/ 
Symphoiicarpos  albus /Fragaria  vesca) and HU-8 
(Pinus  ponderosa/Prunus  virginiana/Amelan- 
chier  alnifolia/Galium  biflorum)  occur  in  mesic 
environments,  the  former  in  a  high  elevation, 
high  precipitation  zone  and  the  latter  on  a 
shaded  river  bench  in  a  deep  canyon.  The 
third,  HU-7  (Pinus  ponderosa-Quercus  macro 
carpus  Prunus  virginiana  Schizachne  purpura- 
scens)  has  close  similarities  with  HU-6  (Pinus 
ponderosa/Quercus  macrocarpus/Prunus  vir- 
giniana/Berberis  repens)  and  at  K  > 59  these 
would  be  combined.  There  are  distinct  differ- 
ences in  understory  species  composition  and 
soil  attributes,  however,  which  distinguish  HU-6 
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from  HU-7.  The  final  single-stand  unit,  HU-13 
(Pinus  ponderosa/Andropogon  scoparius-Bou- 
teloua  gracilis)  is  more  representative  of  the 
Northern  Great  Plains  than  the  ponderosa  pine 
forest.  It  was  the  final  stand  to  be  incor- 
porated into  the  cluster  analysis,  which  em- 
phasizes its  lack  of  similarity  with  the  other 
99  stands. 

The  disturbed  condition  of  all  100  stands 
makes  any  discussion  of  the  successional  status 
of  the  HU  rather  tentative.  There  is  a  degree 
of  floristic  similarity  between  all  stands,  and  if 
the  HU  had  been  defined  only  on  floristics, 
this  possibility  of  successional  stages  might 
be  difficult  to  resolve.  However,  soil-site  attri- 
butes were  also  utilized  in  the  classification  of 
the  stands  into  HU,  and  these  less  easily  al- 
tered attributes  also  show  a  considerable  degree 
of  within-HU  similarity,  it  is  believed  the  HU 
represent  distinct  climax  types  (in  the  sense  of 
Tansley  1949,  not  Clements  1936),  although  in 
a  disclimax  stage  mainly  due  to  man-caused 
disturbances. 

As  with  any  classification  scheme,  the 
classification  of  the  ponderosa  pine  forest  pre- 
sented here  should  and  will  be  modified  as 
knowledge  of  the  subject  increases.  However, 
in  its  present  form  it  provides  a  framework 
for  studies  of  practices  to  improve  forage  pro- 
duction, utilization,  nutrition,  and  habitat  carry- 
ing capacity.  As  such,  it  can  be  a  useful 
tool  for  deer  habitat  management  in  the  Black 
Hills. 


HABITAT  EVALUATION 

Long-term  data  on  pellet  group  densitii 
collected  by  the  South  Dakota  Game,  Fish,  ar 
Parks  Department  on  segments  of  the  1,00 
foot  transect  within  the  60  x  100-foot  macropli 
were  used  to  evaluate  the  degree  of  deer  use  i 
the  HU  defined  at  K  >  60.  No  attempt  has  bet 
made  to  convert  pellet  group  densities  to  anim 
numbers;  they  were  used  directly,  and  only  ; 
an  index  of  the  comparative  use  of  the  habit 
units  by   deer  as   suggested   by   Riney  (1957 

Differences  in  mean  pellet  group  densitii 
(table  4)  between  HU  were  analyzed  by  anal 
sis  of  variance— one-way  classification,  wil 
unequal  sample  sizes  (Li  1957).  The  resul 
of  this  analysis  indicated  there  was  asignificai; 
difference  (p  =  .05)  in  the  mean  pellet  grou 
densities. 

To  test  the  significance  of  differences  b 
tween  means,  the  multiple  range  test  (Dunes 
1955)  was  applied.  The  results  of  this  tet 
are  shown  in  table  4  by  the  underscored  line 

The  following  explanation  of  the  variab 
deer  use  of  the  HU  is  based  on  studies  by  tr 
South  Dakota  Game,  Fish,  and  Parks  Depar 
ment,  the  Wildlife  Habitat  Research  Unit  < 
the  Rocky  Mountain  Forest  and  Range  Exper 
ment  Station,  and  personal  experience  of  tl 
author  in  the  Black  Hills.  In  assessing  tl 
validity  of  the  explanation,  some  points  shou 
be  kept  in  mind.  First,  although  pondero: 
pine    forest    is    the    most    widespread    habit 


Table    k. --Mean    pellet    group    densities1     (1960-68)     for    the    13    Habitat    Units     (HU] 

defined    at    K>60 


tern 


Number  of 
s  tands 

Mean  pe 1 1 et 
g  roup  dens  i  ty 


Habi  tat  Un  i  t 


6    ^4    7    810    2    9    112    511    3 


1 


0.0  9-7  6.6  5-7  h.S     k.l 
NSD2  a  =  .05 

NSD  a 


7   2k  9   25 


k.k      k.2      k.Q      3.0   2.6   0.6  0 


05 


NSD  a  =  .05 


Density  recorded  on  a  6-  by  100-foot  plot. 
Nonsignificant  difference. 
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ivailable  to  deer  in  the  Black  Hills,  other 
labitats  such  as  quaking  aspen  (Populus  tre- 
nuloides)  woodland,  old  forest  fire  burns,  and 
nountain  meadows,  not  included  in  this  classi- 
ication  are  also  important  deer  habitats.  Second, 
he  juxtaposition  of  the  ponderosa  pine  forest 
vith  these  other  habitats  influences  use  by 
leer.  Third,  the  white-tailed  deer  in  the  Black 
jiills  are  noticeably  more  migratory  than  is 
lsually  expected  for  this  species,  and  tend  to 
nove  considerable  distances  and  occupy  distinct 
vinter,  spring,  and  summer-fall  ranges. 

HU-6,  HU-4,  and  HU-7  had  the  highest  mean 
jellet  group  densities  (10.0  to  6.6).  HU-6  occurs 
)nly  in  the  northern  foothills  of  the  Black 
rlills,  and  is  an  area  where  deer  concentrate 
luring  the  winter.  Low  elevation  and  relatively 
ittle  snow,  plus  the  presence  of  several  palatable 
species  of  browse,  combine  to  make  this  HU 
ittractive  to  deer  during  the  winter.  HU-4 
epresents  important  spring  deer  range  in  the 
Black  Hills.  During  April  and  May  this  HU 
ind  adjacent  meadows  are  favored  feeding  areas 
or  deer.  Their  diet  during  this  period  consists 
nostly  of  Poa  pratensis4  which  is  the  dominant 
lerb  species  in  HU4.  HU-7  is  also  a  low- 
jlevation  winter  range,  and  is  similar  to  HU-6 
n  many  attributes. 

The  six  HU  with  moderate  pellet  group 
iensities  (5.7  to  4.0)  range  from  mesic,  high- 
ilevation  forest  (1,  2,  8)  to  xeric,  low-elevation 
orested  shrubland  (9,  10)  and  forested  grass- 
and  (12).  Three  (8,  10,  12)  are  winter  range  in 
various  parts  of  the  Black  Hills,  one  (9)  is 
ipring  range,  and  the  remaining  two  (10,  2) 
ire  important  summer-fall  deer  range. 

Of  the  four  remaining  HU,  with  low  pellet 
?roup  densities  (3.0  to  0.1),  HU-5  is  the  most 
■videly  distributed,  and,  because  of  its  location 
it  moderate  elevations,  is  probably  both  year- 
ong  and  transition  range.  While  it  has  only 
'datively  low  deer  use,  because  of  its  wide 
iistribution  it  is  still  important  deer  habitat. 
3U-11  is  located  mainly  in  the  southwestern 
Slack  Hills  at  low  elevation  and  is  winter 
ange.  The  remaining  two  HU  (3,  13)  represent 
extremes  in  the  ponderosa  pine  forest,  and  are 
jach  represented  by  a  single  stand.  The  former 
s  located  at  almost  the  maximum  elevation 
)ossible  in  the  Black  Hills,  and  has  an  under- 
itory  dominated  by  a  dense  stand  of  the  un- 
palatable shrub,  Potentilla  fruticoso;  the  latter 
s  an  open  grassland  in  the  most  xeric  portion 
)f  the  Black  Hills  and  provides  little  in  the  way 
)f  forage  or  cover  for  deer. 

Dietz,  Donald  R.  Personal  communication. 


SUMMARY 

Cluster  analysis  of  a  similarity  matrix  de- 
rived from  the  ecological  attributes  (vegetation, 
soil,  and  site  characteristics)  of  100  stands 
located  throughout  the  ponderosa  pine  forest 
of  the  Black  Hills  produced  a  classification  of 
the  forest  into  13  Habitat  Units  (HU)  with  a 
minimum  internal  similarity  of  60  percent. 

The  coefficient  of  similarity,  K  =  2c,a  +  b, 
was  used  to  construct  the  initial  matrix,  and 
the  weighted-pair  group  method  of  cluster 
analysis  was  used  to  separate  this  matrix  into 
the  Habitat  Units  (groups  of  similar  stands). 
The  indicator  species  of  the  overstory,  shrub, 
and  herb  strata  and  the  number  of  stands 
included  in  each  HU  are: 

HU-1:    Pinus  ponderosa/Juniperus   communis/ 
Symphoricarpos    albus/Berberis   repens 
(24  stands) 
HU-2:    Pinus    ponderosa/Shepherdia    canaden- 
sis/Symphoricarpos    albus  /Arctostaphy- 
los    uva-ursi  (9  stands) 
HU-3:    Pinus    ponderosa/Potentilla    fruticosa/ 
Symphoricarpos     albus /Frag  aria     vesca 
(1  stand) 
HU4:    Pinus   ponderosa/Symphoricarpos   occi- 
dentalis/Rosa     fendleri/Poa     pratensis 
(6  stands) 
HU-5:    Pinus  ponderosa/Symphoricarpos  albus/ 

Arctostaphylos  uva-ursi  (25  stands) 
HU-6:    Pinus    ponderosa-Quercus    macrocarpa/ 
Prunus     virginiana/Symphoricarpos    al- 
bus/Berberis repens  (4  stands) 
HU-7:    Pinus   ponderosa-Quercus    macrocarpa, 
Prunus     virginiana/Symphoricarpos    al- 
bus/Schizachne  purpurascens-Carex  foe- 
nea  (1  stand) 
HU-8:    Pinus     ponderosa/Prunus     virginiana/ 
Amelanchier  alnifolia /Galium  biflorum 
(1  stand) 
HU-9:    Pinus      ponderosa/Poa     pratensis-Dan- 

thonia  intermedia  (7  stands) 

HU-10:  Pinus  ponderosa-Juniperus scopulorum/ 

Cercocarpus   montanus /Symphoricarpos 

albus/ Andropog on  scoparius  (3  stands) 

HU-11:  Pinus  ponderosa/ Andropogon  scoparius 

(9  stands) 
HU-12:  Pinus     ponderosa/Prunus     virginiana 

Andropogon  scoparius  (9  stands) 
HU-13:  Pinus  ponderosa/ Andropogon   sco]xin 
us-Bouteloua  gracilis  (1  stand) 
Data  on  pellet  group  density  collected  in 
the   sample   stands   over  a  9-year  period  were 
analyzed  to   evaluate   the   comparative   use   of 
the  different  HU  by  deer.    The  results  of  this 
analysis    indicated    HU-6,    -4,    and   -7   received 
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significantly  higher  deer  use  (mean  pellet  group 
densities  10.0  to  6.6)  than  the  other  HU;  HU-8, 
-10,  -2,  -9,  -1,  and  -12  received  moderate  deer 
use  (mean  pellet  group  densities  5.7  to  4.0) 
and  HU-5,  -11,  -3,  and  -13  received  only  light 
deer  use  (mean  pellet  group  densities  3.0  to 
0.1). 
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PARTIAL  CUTTING 
PRACTICES  IN 
OLD-GROWTH 
LODGEPOLE  PINE 


For  convenient  field  use,  the  stand  descriptions, 
cutting  practices,  windfall  risk  situations,  dwarf 
mistletoe  rating  system,  and  tree  vigor  classi- 
fication in  this  Research  Paper  have  been 
published  separately  in  a  smaller  format  (5-V2  x 
8-V2  inches)  as  USD  A  Forest  Service  Research 
Paper  RM-92A,  "Partial  Cutting  Practices  for 
Old-Growth  Lodgepole  Pine  —  A  Field  Guide." 
Copies  of  RM-92A  are  available  from  the  Rocky 
Mountain  Forest  and  Range  Experiment  Station, 
240  West  Prospect  Street,  Fort  Collins,  Colorado 
80521. 


Abstract 

Guidelines  are  provided  to  aid  the  forest 
manager  in  developing  partial  cutting  practices 
to  maintain  continuous  forest  cover  in  travel 
influence  zones,  and  in  areas  of  high  recreational 
values  or  outstanding  scenic  beauty.  These 
guidelines  consider  stand  conditions,  windfall 
risk  situations,  and  insect  and  disease  problems. 
These  cutting  practices  may  be  also  used  in 
combination  with  small  cleared  openings  to 
create  the  kinds  of  stands  desirable  for  increased 
water  yields,  improvement  of  wildlife  habitat, 
and  to  integrate  timber  production  with  other 
uses.  On  areas  where  timber  production  is  the 
primary  objective,  clearcutting  in  small, 
dispersed  units  is  the  recommended  method  of 
harvesting  trees. 

Key  Words:  Forest  cutting  systems,  Pinus 
contorta,  stand  condition,  wind- 
fall risk,  dwarf  mistletoe, 
mountain  pine  beetle. 
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Partial  Cutting  Practices  for  Old -Growth  Lodgepole  Pine 


Robert  R.  Alexander 


om  a  silvicultural  point  of  view,  clearcutting  is 
sound  and  practical  way  of  bringing  mature 
d  overmature  lodgepole  pine  (Pinus  contorta 
3ugl.)  forests  under  management,  especially 
len  timber  production  is  a  major  objective, 
lere  are  several  reasons  for  clearcutting.  Since 
ese  have  been  thoroughly  discussed  by  Tackle 
961),  they  will  only  be  highlighted  here: 

Lodgepole  pine,  a  pioneer  species,  is  shade 
intolerant    and    reproduces    most    satis- 
factorily   when    overstory    competition    is 
removed  or  drastically  reduced. 
Dwarf     mistletoe     (A  r  ce  uthobium 
americanum  Nutt.  ex  Engelm.)  —  present  in 
varying   degrees   in  many  mature  to  over- 
mature   stands    —    is    best    controlled    by 
separating  old  and  new  stands. 
Windfall,  while  variable,  is  always  a  threat 
to  lodgepole  pine  forests. 
The  potential  for  future  growth  is  limited 
because  of  the  generally  low  vigor  of  mature 
and  overmature  stands,  and  the  suppressed 
condition  of  many  of  the  smaller  trees. 

irthermore,  many  natural  stands  appear  to  be 
en-aged  because  they  developed  after  fires,  or 
her  catastrophic  disturbances. 

mber  production  is,  however,  only  one  of  the 
jjy  uses  of  lodgepole  pine  forests  in  the  central 
;>cky  Mountains.  They  occupy  areas  that  also 
p  important  for  water  yield,  wildlife  habitat, 
jreation,  and  scenic  beauty.  Forest  managers 
jst  consider  how  these  areas  are  to  be  handled 

meet  the  increasing  demands  of  the  public, 
lie  visual  and  environmental  impacts  of  clear- 
tting  for  timber  production  are  not  always 
mpatible   with   the   objectives   of   other   key 

s.  Described   below  are  the  kinds  of  stands 


that  are  desirable  for  increased  water  yields, 
improvement  of  wildlife  habitat,  preservation  of 
the  forest  landscape,  and  maintenance  of  scenic 
values.  What  is  needed  are  silvicultural  practices 
that  can  be  used  alone  or  in  combination  with 
small  cleared  areas  to  maintain  forest  cover 
while  gradually  replacing  the  old  stand  with  a 
healthy  vigorous  new  one. 


FORM,  STRUCTURE,  AND  ARRANGEMENT 
OF  STANDS  FOR  KEY  USES 

Guidelines  to  aid  the  forest  manager  in 
developing  alternatives  to  clearcutting  in  spruce- 
fir  forests  (Alexander  1971)  contain  similar 
descriptions  of  the  kinds  of  stands  desirable  for 
uses  other  than  timber  production.  They  are 
repeated  here  for  emphasis. 

Water 

Snowfall  is  the  key  to  water  yield  in  lodgepole 
pine  forests.  Comparisons  of  cut  and  uncut  plots 
(8  acres  in  size),  on  the  Fraser  Experimental 
Forest  in  Colorado,  have  shown  that  more  snow 
accumulated  in  cutover  areas  than  under 
adjacent  uncut  stands.  Accumulations  were 
greatest  on  plots  that  were  clearcut  (Wilm  and 
Dunford  1948,  Hoover  and  Leaf  1967).  The 
increased  snow  depth  is  not  additional  snow, 
however,  but  a  redistribution  of  snow.  Wind 
transports  the  snow  intercepted  on  the 
surrounding  trees  and  deposits  it  in  the 
openings.  Some  of  the  increase  in  water 
equivalent  in  the  openings  is  available,  however, 
for  streamflow  (Hoover  and  Leaf  1967). 

Research  and  experience  suggest  that  a  round  or 
patch-shaped  opening,  about  five  to  eight  times 


tree  height  in  diameter,  is  the  most  effective  for 
trapping  snow  (Hoover  1969).  In  larger 
openings,  wind  is  likely  to  dip  down  to  the 
ground  and  blow  the  snow  out  of  the  openings. 
About  one-third  of  the  forest  area  in  openings 
distributed  over  the  watershed  appears  to  be  the 
best  arrangement.  These  openings  could  either 
be  maintained  permanently  or  regenerated  to 
new  growth  that  would  be  periodically  recut 
when  trees  reach  about  half  the  height  of  the 
surrounding  trees.  The  remaining  two-thirds  of 
the  area  should  be  retained  as  continuous  high 
forest,  since  the  taller  trees  control  snow 
deposition.  Trees  would  be  periodically 
harvested  on  an  individual-tree  basis  or  in  small 
groups  (one  to  two  times  tree  height)  to 
gradually  replace  the  old  with  a  new  stand. 
Ultimately,  the  reserve  stand  would  approach  a 
broad-aged  structure  with  the  overstory  canopy 
remaining  at  about  the  original  height.  An 
alternative  would  be  to  make  a  light  cut  distrib- 
uted over  the  entire  watershed,  removing  about 
20  to  30  percent  of  the  basal  area  on  an 
individual-tree  basis  or  in  small  groups.  The 
objective  is  to  open  up  the  stand  enough  to 
develop  windfirmness,  and  salvage  low  vigor  and 
poor  risk  trees.  Openings  five  to  eight  times  tree 
height  can  then  be  cut  on  about  one-third  of  the 
area.  The  remaining  two-thirds  of  the  area  would 
be  retained  as  permanent  high  forests,  with  trees 
periodically  removed  on  an  individual-tree  basis 
or  in  small  groups. 


•  *>- 


Another  alternative  that  would  integrate  w< 
and  timber  production  would  be  to  harvest  al 
the  old  growth  on  a  watershed  with  a  series 
cuts  spread  over  a  period  of  120  to  160  ye 
At  intervals  of  about  20  to  40  years,  a  port 
of  the  area  would  be  harvested  in  small  openi 
—  four  to  five  times  tree  height  —  distribu 
over  the  watershed.  The  number  of  openings 
at  each  interval  would  depend  on  the  size  of 
watershed  and  the  length  of  rotation  and  cut! 
cycle     selected.    These    openings    would 
regenerated  so  that  at  the  end  of  one  rotati 
the  watershed  would  contain  groups  of  tree; 
several  age  classes  from  reproduction  to  th 
ready    for    harvest.    The    tallest   trees   may 
somewhat  shorter  than  the  original  overstc 
but    the    adverse    effects    on    snow   deposit' 
should  be  minimized  by  keeping  the  openi 
small.   At  the  end  of  one  rotation,  the  fo 
manager  has  the  option  of  following  the  sj 
procedure  through  the  next  rotation  or  selec'i 
about   one-third    of   the  openings  to  be  m 
tained   as   snow-trapping  areas,  and  conver : 
the  remaining  area  into  a  broad-aged  stand 
periodically  removing  individual  trees. 


: 


: 
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Wildlife 

The  use  of  lodgepole  pine  forests  by  Ro 
Mountain  mule  deer  (Odocoileus  hemic 
hemionus  Rafinesque)  is  influenced  by  tirr 
cutting  practices.  On  the   Fraser  Experime  i 
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Natural  reproduction  establ  i 
in  a  cleared  opening  about  i  I 
times  tree  height  in  lodg\ 
pine  on  the  Fraser  Experim 
Forest. 
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rest,  there  was  more  deer  use  and  a  greater 
Indance  and  selection  of  forage  species  on 
arcut  openings  than  under  adjacent  uncut 
nds  (Wallmo  1969,  Wallmo  et  al.  1972). 
enings  three  chains  wide  were  used  more  than 
her  wider  or  narrower  openings.  Forage 
>duction  appears  to  decline  about  10  years 
er  cutting,  however,  as  tree  reproduction 
ilaces  forage  species  (Wallmo  et  al.  1972). 
lilar  trends  in  forage  production  have  also 
;n  observed  on  lodgepole  pine  clearcuts  in 
>ntana  (Basile  and  Jensen  1971).  Wallmo 
[gests  that  new  openings  be  cut  periodically. 

e  alternative  would  be  to  cut  about  one-sixth 
a  cutting  block  every  20  years  in  openings 
)ut  four  to  five  times  tree  height.  Each 
'rking  Circle  would  be  subdivided  into  a 
Tiber  of  cutting  blocks  (of  at  least  300  acres) 
that  not  all  periodic  cuts  would  be  made  in  a 
gle  year  on  a  Working  Circle.  Such  periodic 
,ting  would  provide  a  good  combination  of 
mbers  and  species  of  palatable  forage  plants 
1  the  edge  effect  desired,  while  creating  a 
eral-aged  forest  of  even-aged  groups,  thus 
egrating  wildlife  habitat  improvement  with 
iber  production. 

servations  on  the  Medicine  Bow  National 
rest  in  Wyoming  indicate  that  both  natural 
1  cleared   openings  in  lodgepole  pine  forests 

heavily  used  by  American  elk  [Ceruus 
ladensis  canadensis  (Erxleben)  Reynolds]  for 
zing  and  calving. 2  The  size  of  opening  does 
;  appear  to  be  critical,  but  openings  inter- 
rsed  with  standing  timber  that  can  be  used 

ruminating,  resting,  and  hiding  are  preferred. 
ce  small  openings  cut  in  the  canopy  are  not 
?ly  to  retain  a  high  proportion  of  palatable 
age  species  for  long  periods  of  time,  new 
mings  should  be  cut  while  allowing  the  older 
is  to  regenerate.  Another  alternative  would  be 
extend  the  size  of  the  smaller  (two  acres  or 
>)  natural  openings,  and  periodically  harvest 

remaining  stand  under  some  form  of  partial 
ting. 

ner  wildlife,  including  nongame  animals,  living 
odgepole  pine  forests  are  affected  by  the  way 
(se  forests  are  handled.  In  general,  their 
=>itat  requirements  include  a  combination  of 
>nings  and  high  forests  to  provide  food,  cover, 


rsonal  communication  with  A.  Lorin  Ward,  Wildlife 
hlogist,  Rocky  Mountain  Forest  and  Range  Experi- 
'?nt  Station,  Laramie,  Wyoming. 


and  edge.  With  protection  from  wildfires  many 
stands  have  become  denser,  and  reproduction 
has  filled  in  the  openings.  Some  reduction  in 
stand  density  is  needed  to  create  or  improve 
wildlife  habitat.  Small,  irregular  openings  (about 
four  to  five  times  tree  height)  cut  in  the  canopy 
at  periodic  intervals,  would  open  up  the  stand 
and  provide  the  food,  cover,  and  edge  needed. 

Recreation 

Permanent  forest  cover  —  at  least  in  part  —  is 
preferred  in  travel  influence  zones,  and  in  areas 
of  high  recreational  value  and  outstanding  scenic 
beauty.  Unfortunately,  old-growth  lodgepole 
pine  stands  are  not  likely  to  persist  in  a  sound 
condition  indefinitely.  Where  stand  conditions 
and  wind,  insect,  and  disease  problems  permit, 
some  form  of  partial  cutting  is  one  way  that 
forest  cover  can  be  retained  while  at  the  same 
time  replacing  the  old  with  a  new  stand. 
However,  the  visual  impact  of  logging  operations 
—  haul  roads,  damage  to  residual  trees,  and  slash 
and  debris  —  must  be  minimized.  In  situations 
where  there  is  no  alternative  to  clearcutting,  and 
the  environmental  impact  of  clearcutting  is 
unacceptable,  there  is  no  choice  but  to  leave  the 
stands  uncut. 

To  reduce  the  sudden  and  severe  visual  impact 
on  the  landscape  viewer,  openings  cut  in  stands 
for  timber  and  water  production,  wildlife 
habitat  improvement,  and  recreation  (ski  runs) 
should  be  a  repetition  of  natural  shapes,  visually 
tied  together  to  create  a  balanced,  unified 
pattern  that  will  complement  the  natural  land- 
scape (Barnes  1971).  This  is  especially  important 
for  those  openings  in  the  middle  and  back- 
ground that  can  be  seen  from  distant  views.  The 
foreground  should  be  maintained  in  high  forests 
under  some  partial  cutting  system  (again,  where 
stand  conditions  and  wind,  insect,  and  disease 
problems  permit). 


CHARACTERISTICS  OF  THE  TYPE 

The  lodgepole  pine  type  is  generally  pictured  as 
an  even-aged,  single-storied,  overly  dense  forest, 
varying  in  age  from  place  to  place  but  uniform 
in  age  within  any  given  stand.  This  is  true  only 
on  those  areas  where  favorable  fire,  seed,  and 
climatic  conditions  once  combined  to  prodiu :e  a 
substantial  number  of  seedlings  (Lexen  1949). 
Elsewhere,  lodgepole  pine  grows  on  a  wide  range 
of  sites  with  a  great  diversity  of  stand  conditions 
and    characteristics.    This   diversity   complicates 


the  modification  of  silvicultural  systems  for 
multiple  use.  Lodgepole  pine  can  occur  as  two- 
aged,  single-  or  two-storied  stands;  three-aged, 
two-  or  three-storied  stands;  and  even-aged  to 
broad-aged,  multi-storied  stands  (Tackle  1955). 
Multi-storied  stands,  and  to  a  lesser  extent  two- 
and  three-storied  stands,  generally  resulted  from 
either  scattered  trees  that  produced  seed  for 
subsequent  development  of  the  stand,  or  from 
the  gradual  deterioration  of  the  old-growth 
associated  with  "normal"  mortality  from  wind, 
insects,  and  diseases. 

Most  ecologists  consider  the  successional  status 
of  lodgepole  pine  to  be  serai  if  it  is  only  a 
temporary  occupant  of  the  site.  In  those 
situations,  stands  of  mixed  overstory  compo- 
sition or  with  appreciable  amounts  of  advanced 
reproduction  of  other  species  are  not 
uncommon.  Pine  is  ultimately  replaced  by 
Engelmann  spruce  (Picea  engelmannii  Parry)  and 
subalpine  fir  [Abies  lasiocarpa(  Hook.)  Nutt.]  at 
higher  elevations,  and  Rocky  Mountain  Douglas- 
fir  [(Pseudotsuga  menziesii  var.  glauca  (Biessn.) 
Franco]  at  lower  elevations.  On  the  other  hand, 
many  lodgepole  pine  stands  are  the  result  of 
catastrophic  fires,  and  some  areas  have  burned 
so  often  and  so  extensively  that  they  are  nearly 
pure  pine.  In  those  situations,  lodgepole  pine  is 
maintained  on  the  area  as  a  sub-climax  because 
there  is  no  seed  for  the  normal  climax  species 
(Tackle  1961,  1964a). 

In  stands  of  pure  pine  of  medium  to  high 
density,  there  is  seldom  any  understory  of 
reproduction,  while  in  low-density  stands  there 
may  be  an  understory  of  young  trees.  If  this 
reproduction  has  been  suppressed  for  a  long 
time,  it  seldom  responds  to  release.  Mixed  stands 
can  be  either  1)  pure  pine,  2)  pine,  spruce,  and 
subalpine  fir,  or  3)  pine  and  Douglas-fir  in  the 
overstory,  and  the  climax  species  in  the  under- 
story. Spruce  and  subalpine  fir  reproduction 
suppressed  for  long  periods  are  able  to  respond 
to  release  and  make  acceptable  growth. 


HISTORY  OF  PARTIAL  CUTTING 

From  the  early  1900's  to  about  1945,  timber 
harvests  in  the  lodgepole  pine  type  on  the 
National  Forests  of  the  central  Rocky  Mountains 
could  generally  be  described  collectively  as 
"partial  cutting."  The  usual  procedure  was  to 
mark  stands  for  the  "selective"  removal  of 
special    products.    Cutting    was    usually    heavy 


because  everything  salable  was  often  marked 
removal.     Nearly    40    years    of    observatjii 
research,    and   experience   with   partial   cut  I 
provide   some   information    on   the  capabili 
and  limitations  of  existing  stands  to  main  § 
permanent  high  forest  cover. 


In   general,   heavy   partial   cutting    (removal 
more  than  50  percent  of  the  total  basal  ar 
and  under  some  conditions  any  kind  of  pai 
cutting,  was  not  successful  in  old-growth  sta 
as  a  means  of  arresting  stand  deterioration.   | 
example,   residual   trees  on  the  Fraser  Exp  4 
mental    Forest   suffered  heavy  mortality  wiij 
about  60  percent  of  the  total  basal  area 
removed  by  either  individual  tree  selection 
modified  seed-tree  cutting  (Alexander   196(»; 
Similar  results   followed   heavy   partial  cuti, 
elsewhere  in  the  central  Rocky  Mountains,  ; ; 
in  the  northern  and  Canadian  Rockies  (Bl 
1957,  Hatch  1967,  LeBarron  1952).  Even  wh: 
mortality    was    not    a   serious   problem,   he 
partial   cutting   often   left   the  older,  decad; 
stands  in  such  poor  condition  that  not  only 
there   little   or  no  growing  stock  available 


i 


another  cut,  but  the  stands  had  little  appearai 
of  permanent  forest  cover  (Tackle  1964a). 


The   principal   cause   of  mortality  was  usuz 
windfall,    and    it    generally    increased    as     ( 
intensity    of  cutting   increased.  Mountain  p 
beetle    outbreaks  caused  heavy  losses  in  so  i 
instances,  and  beetles  continue  to  be  a  serin 
and  often  unpredictable  threat  to  lodgepole  p  r 
forests.  In  addition,  many  stands  were  infecu 
with  dwarf  mistletoe,  and  partially  opening  - 
the  stand  intensified  the  infection  on  resid  i 
trees.    They   in   turn   infected   the   new  rep  i 
duction,  leading  to  infection  centers  in  the  n< : 
generation.  These  heavily  infected  stands  ar< 
serious  lodgepole  pine  management  problem. 

Where  substantial  reserve  volumes  were  le* 
partial  cutting  was  successful  in  some  instant 
in  the  sense  that  the  residual  stand  did  not  bl< ,! 
down.  On  the  Fraser  Experimental  Fore; 
windfall  losses  were  light  and  other  mortal:;' 
negligible  after  partial  cutting  removed  about  i 
percent  of  the  total  basal  area  by  a  modifi  i 
shelterwood  cut,  even  though  the  stands  vw  i 
exposed  to  windstorms  that  nearly  destroy '! 
adjacent,  partially  cut  stands  with  less  residu! 
basal  area  (Alexander  1966a).  There  are  al  <] 
numerous  examples  of  early  cuttings  on  ma; 
National  Forests  in  Colorado  and  Wyoming  whe 
a    light     to    moderate  shelterwood    cut   tb 


Heavy  windfall  in  lodgepule  pine 
on  the  Fraser  Experimental 
Forest,  Colorado  after  partial 
cutting  that  removed  about  60 
percent  of  the  original  basal 
area. 


emoved  30  to  40  percent  of  the  total  basal  area 
id  not  result  in  excessive  mortality.  The 
penings  created  have  regenerated  to  either  new 
Ddgepole  pine  or  the  climax  species.  Where 
warf  mistletoe  infection  in  overstory  trees  was 
ght,  the  new  pine  stand  is  not  heavily  infected, 
limilar  stands  have  originated  from  open-grown 
rees  and  stands  that  were  opened  up  by 
lountain  pine  beetle  infestations. 


blowdown  is  also  greater  in  stands  with  defective 
roots  and  boles.  The  presence  of  old  windfalls  is 
a  good  indication  of  lack  of  windfirmness. 
Furthermore,  regardless  of  how  stands  are  cut  or 
the  soil  and  stand  conditions,  the  risk  of  blow- 
down  is  greater  on  some  exposures  than  others. 
The  following  windfall  risk  situations  based  on 
exposure  have  been  identified  by  Mason  (1915b) 
and  Alexander  (1964,  1967). 


SUSCEPTIBILITY  TO  WIND, 
DISEASE,  AND  INSECTS 

Windfall 

i  the  central  Rocky  Mountains,  lodgepole  pine 
generally  considered  susceptible  to  wind- 
irow,  and  the  risk  increases  when  the  stand  is 
pened  up  by  partial  cutting  (Alexander  1966a, 
lason  1915a).  While  the  tendency  to  wind- 
row is  frequently  attributed  to  a  shallow  root 
pstem,  the  development  of  the  root  system 
iries  with  soil  and  stand  conditions.  On  deep 
ell-drained  soils,  trees  have  a  better  root 
'stem  than  on  shallow  or  poorly  drained  soils. 
,ith  the  same  soil  conditions,  the  denser  the 
:and  the  less  windfirm  are  individual  stems, 
?cause  trees  that  have  developed  together  in 
ipnse  stands  over  long  periods  of  time  mutually 
itpport  each  other,  and  do  not  have  the  roots, 
bles,  and  crowns  to  withstand  exposure  to  the 
ind    if    opened    up    drastically.    The    risk    of 


Low  Windfall  Risk  Situations 

1.  Valley  bottoms  except  where  parallel  to  the 
prevailing  winds,  and  all  flat  areas. 

2.  All  lower  and  gentle  middle  north-  and  east- 
facing  slopes. 

3.  All  lower  and  gentle  middle  south-  and  west- 
facing  slopes  that  are  protected  by 
considerably  higher  ground  not  far  to  wind- 
ward. 


Moderate  Windfall  Risk  Situations 

1.  Valley  bottoms  parallel  to  the  direction  of 
prevailing  winds. 

2.  All  lower  and  gentle  middle  south-  and  west- 
facing  slopes  not  protected  to  the  windward. 

3.  Moderate  to  steep  middle  and  all  upper 
north-  and  east-facing  slopes. 

4.  Moderate  to  steep  middle  south-  and  west- 
facing  slopes  protected  by  considerably 
higher  ground  not  far  to  windward. 


High  Windfall  Risk  Situations 

1.  Ridgetops. 

2.  Moderate  to  steep  middle  south-  and  west- 
facing  slopes  not  protected  to  the  windward, 
and  all  upper  south-  and  west-facing  slopes. 

3.  Saddles  in  ridgetops. 

The  risk  of  windfall  in  these  situations  is 
increased  at  least  one  category  by  such  factors  as 
poor  drainage,  shallow  soils,  and  defective  roots 
and  boles.  All  situations  become  high  risk  if 
exposed  to  special  topographic  situations  such  as 
gaps  and  saddles  in  ridges  at  higher  elevations  to 
the  windward  that  can  funnel  wind  into  the 
area. 

Dwarf  Mistletoe 

Surveys  in  Colorado  and  Wyoming  show  that 
from  30  to  60  percent  of  the  commercial  lodge- 
pole  pine  forests  are  infected  to  some  degree  by 
dwarf  mistletoe  (Hawksworth  1958).  Dwarf 
mistletoe  reduces  growth  and  increases  mortality 
(Gill  and  Hawksworth  1964).  It  also  drastically 
reduces  seed  production  in  infected  trees.  The 
mortality  rate  depends  largely  on  the  age  of  the 
host  tree  when  attacked.  Young  trees  die 
quickly,  while  older  trees  with  well-developed 
and  vigorous  crowns  may  not  show  appreciable 
effects  for  years  after  the  initial  infection.  Dwarf 
mistletoe  is  most  damaging  in  stands  that  have 
been  partially  opened  up  by  cutting,  mountain 
pine  beetles,  or  windfall,  and  of  least  conse- 
quence on  regenerated  burns  following 
catastrophic  fires  (Gill  and  Hawksworth  1964). 
Heavily  infected  old-growth  stands  frequently 
have  only  about  half  the  board-foot  volume  of 
comparable  uninfected  stands  (Hawksworth 
1958). 

The  disease  is  difficult  to  detect  in  recently 
infected  stands  because  trees  show  no  abnor- 
malities except  for  the  inconspicuous  shoots  on 
branches  and  main  stems.  On  the  other  hand, 
where  the  parasite  has  been  present  for  a  long 
time,  stands  will  have  one  or  more  heavily 
damaged  centers  characterized  by  many  trees 
with  witches'  brooms,  spike-tops,  and  an  above- 
average  number  of  snags  with  remnants  of 
brooms  (Gill  and  Hawksworth  1964). 

Although  optimum  development  is  favored  by  a 
vigorous  host,  and  the  most  vigorous  trees  in  a 
stand  suffer  the  most  damage,  the  frequency  of 
infection  is  usually  higher  on  poor  than  good 


sites.  Furthermore,  where  site  index  (Alexandt 
1966c)  is  70  or  greater,  only  the  middle  an 
lower  crowns  of  dominants  and  codominants  ai 
susceptible  to  heavy  infection,  but  trees  in  th 
intermediate  or  lower  crown  classes  ai 
susceptible  to  heavy  infection  throughout  the 
crowns.  Where  the  site  index  is  below  70,  a 
crown  classes  are  susceptible  to  heavy  infectio 
throughout  the  crowns. 3  In  Colorado  an 
Wyoming,  dwarf  mistletoe  has  an  altitudin; 
limit  about  300  to  500  feet  below  the  uppi 
limit  of  commercial  lodgepole  pine  forests.  Th 
means  that  in  some  areas,  considerable  lodgepo 
pine  lies  in  a  dwarf  mistletoe-free  zone  (Gill  ar 
Hawksworth  1964). 


Separation  of  the  old  and  new  stands  by  clea, 
cutting  and  felling  unmerchantable  residual  tret] 
appears  to  be  the  best  way  to  control  dwal 
mistletoe.   In  areas  of  high  tree  values  such   <j 
recreational,   administrative,   and   homesites,   il 
may  be  possible  to  prune  infected  branches  fro 
lightly  infected  trees,  but  heavily  infected  tre 
must    be    cut.    Partial    cutting    and    thinnii  iij|- 
generally   create  ideal  conditions  for  maximu^ 
damage  and  should  be  avoided  where  possit  j 
unless   the   infection  is  light.  To  quantify  tifl 
severity     of    infection,    Hawksworth    (196 
developed  the  six-class  mistletoe  rating  systei  i 
The  average  stand  rating  can  be  estimated  1  ^ 
determining  the  percentage  of  trees  infected 
the    stand.    The    approximate    relationship 
average    stand    rating    to    proportion    of    trt  r " 
infected  in  several  mature  stands  was: 


Average  stand 
mistletoe  rating 


Percent  of  tn#( 
infected 


50 
70 
90 
97 
99 
100 


These  ratings  are  used  later  in  this  paper  un< 
"Modifications  to  Cutting  Practices  Imposed 
Disease  and  Insect  Problems"  to  assist  in  del 
mining    which    stands    might    be    partially 
without  severe  damage  to  the  residual  trees. 


'  Personal  communication  with  Frank  G.  Hawkswo 
Plant  Pathologist,  Rocky  Mountain  Forest  and  Ra 
Experiment  Station,  Fort  Collins,  Colorado. 


INSTRUCTIONS 


EXAMPLE 


STEP  I.  Divide  live    crown   into  thirds. 

STEP  2.   Rote    each    third    separately 
Each    third    should    be    given     a 
rating    of    0,  I    or   2   as    described 
below. 

(0)  No   visible     infections. 

(1)  Light   infection   (1/2   or 
less    of   total    number    of 
branches  in  the  third    infected). 

(2)  Heavy    infection    (more 
than   1/2    of    total 
number    of    branches    in 
the   third     infected). 

STEP  3.    Finally,    add 
ratings     of     thirds    to 
obtain    rating    for 
total      tree. 


If    this   third     has    no    visible 
infections,    its    rating  is    (0). 


If    this    third    is     lightly   infected, 
its    rating     is    (I). 


If    this    third     is     heavily 
infected,    its   rating  is  (2). 


The  tree  in  this  example 
will  receive  a  rating  of 
0+1  +  2    *    3. 


?  6-class  mistletoe  rating  system  (Hawksworth  1961). 


Comandra  Blister  Rust 

is  canker  disease  (caused  by  Cronartium 
nandrae  Pk.)  commonly  occurs  in  the  central 
cky  Mountains,  but  damage  has  been  most 
ensive  in  northern  Wyoming  (Peterson  1962). 
ad  tops  and  flagging  branches  resulting  from 
31ing  are  the  most  conspicuous  symptoms 
;il  dead  trees  begin  to  appear.  On  larger  stem 
actions,  cankers  with  an  abundance  of  yellow, 
sd  resin  are  another  conspicuous  symptom 
ielke  et  al.  1968).  The  disease  cannot  pass 
ectly  from  pine  to  pine  but  requires  an 
armediate  host  [Comandra  umbellata  (L.) 
tt.]. 

a  damage  from  Comandra  rust  is  usually  not 
ctacular,  but  trees  of  all  sizes  and  ages  are 
ceptible  (Peterson  1962).  Seedlings  may  be 
ed  in  a  relatively  short  time.  In  older  trees, 
.  time  between  initial  infection  and  death  may 
t25  or  more  years  because  the  infection  enters 
<  trunk  by  way  of  the  branches  and  the  rate  of 
aad  is  slow.  Under  conditions  favorable  to  the 
it,  stands  may  be  heavily  damaged  over 
a  ted  areas.  In  those  stands,  from  30  to  40 
Scent  of  the  living  and  dead  trees  will  have 
kers,  and  about  half  the  cankered  trees  will 


have  spike-tops  (Krebill  1965).  Usually, 
however,  the  infection  is  lighter  and  scattered 
through  the  stand  (Peterson  1962). 

Sanitation  salvage  cutting  is  about  the  only 
practical  way  of  controlling  the  disease  in  forest 
stands  (Mielke  et  al.  1968).  In  areas  of  high  tree 
values  it  may  be  possible  to  prune  infected 
branches  from  lightly  infected  trees,  but  heavily 
infected  trees  should  be  cut.  Partial  cutting  and 
thinning  appear  well  adapted  to  the  control  or 
reduction  of  Comandra  rust,  even  in  heavily 
damaged  stands,  because  the  disease  is  not 
passed  from  pine  to  pine  and  only  the  trees  with 
stem  infections  need  to  be  removed. 


Mountain  Pine  Beetle 

The  mountain  pine  beetle  (Dendroctonus 
ponderosae  Hopk.)  is  the  most  serious  insect 
pest  in  mature  to  overmature  lodgepole  pine 
stands  in  the  Rocky  Mountains.  Epidemics  have 
occurred  throughout  recorded  history  (Roe  and 
Amman  1970),  and  extensive  outbreaks  are  now 
in  progress  in  northern  Wyoming.  Less  extensive 
but  severe  outbreaks  are  underway  in  southern 
Wyoming  and  northern  Colorado,  where  a  large 


number  of  old-growth  stands  that  have  been 
protected  from  wildfires  are  now  reaching  a  high 
degree  of  susceptibility  to  attack. 

Mountain  pine  beetles  feed  and  breed  in  the 
phloem  layer.  The  first  indications  of  attack  are 
pitch  tubes  on  the  trunk  where  beetles  have 
entered  and  boring  dust  in  the  bark  crevices  and 
around  the  base  of  the  tree.  Trees  successfully 
attacked  in  the  summer  usually  begin  to  fade  the 
following  spring.  Needles  change  from  green  to 
yellow  green,  sorrel,  and  finally  rusty  brown 
before  dropping  off  (McCambridge  and  Trostle 
1970). 

Not  all  stands  are  equally  susceptible  to  attack. 
Epidemic  outbreaks  are  usually  associated  with 
stands  that  contain  at  least  some  vigorous,  thick- 
phloemed  trees  14  inches  in  diameter  and  larger 
(Cole  and  Amman  1969,  Roe  and  Amman 
1970).  As  the  larger  trees  are  killed,  the  beetles 
must  attack  smaller  diameter  trees,  and  the 
outbreak  subsides  because  the  phloem  of  these 
trees  is  not  thick  enough  to  provide  a  food 
supply.  Trees  smaller  than  6.0  inches  d.b.h.  are 
rarely  killed. 

Natural  factors,  such  as  a  sudden  lowering  of  fall 
temperature  or  prolonged  subzero  winter 
temperatures,  nematodes,  woodpeckers,  and 
parasites,  may  reduce  populations  but  they 
cannot  be  relied  upon  to  control  outbreaks 
(McCambridge  and  Trostle  1970).  Chemical 
control  is  expensive  and  often  is  only  a  holding 
action  until  potentially  susceptible  trees  can  be 
disposed  of  by  other  means.  The  only  alter- 
natives left  to  the  manager  in  heavily  infested 
stands  where  most  of  the  trees  are  10  inches  in 
diameter  and  larger  are  to  1 )  fell  and  salvage  the 
infested  trees,  burn  the  green  culls  and 
unmerchantable  portions  of  trees,  and 
regenerate  a  new  stand,  or  2)  let  the  infestation 
run  its  course  uncontrolled.  On  the  other  hand, 
in  infested  stands  with  a  good  stocking  of  trees 
in  the  smaller  diameter  classes,  partial  cutting 
that  removes  the  vigorous,  larger  trees  with  thick 
phloem  appears  well  adapted  to  regulating 
mountain  pine  beetle  losses. 


A  TREE  CLASSIFICATION  FOR  MARKING 
IN  PARTIALLY  CUT  STANDS 

In  developing  partial  cutting  practices,  know- 
ledge of  individual  tree  characteristics  will  assist 
in  establishing  marking  guides.  A  classification 


scheme    for    lodgepole    pine    in   Colorado   ai 
Wyoming  based  on  the  area,  length,  and  vigor 
individual    tree    crowns    (Taylor    1939) 
described  below: 


Vigor  class  A 

1.  Crown  area:  30  percent  or  more  of  t 
"extreme  outline"  of  vigor  class  A. 

2.  Crown  length:  50  percent  or  more  of  the  be 
length. 

3.  Crown  vigor:  Dense,  full,  good  cold 
pointed. 

Vigor  class  B 

1.  Crown  area:  Usually  more  than  30  percei 
but  less  than  50  percent  of  the  "extrei: 
outline"  of  vigor  class  A. 

2.  Crown  length:  Usually  more  then  50  percet 
but  usually  less  than  60  percent  of  the  b<( 
length . 

3.  Crown  vigor:  Moderately  dense,  good  coif1511 
pointed  or  slightly  rounded. 

Vigor  class  C 

1.  Crown  area:  15  to  30  percent  of  t 
"extreme  outline"  of  vigor  class  A. 

2.  Crown  length:  40  to  50  percent  of  the  bol 
length  except  for  trees  with  above  averci 
vigor,  when  20  percent  of  the  bole  lengtbn 
sufficient. 

3.  Crown  vigor:  Sparse,  bunchy,  poor  colli 
never  pointed. 

Vigor  class  D 

1.  All  live  trees  of  poorer  vigor  than  class  L] 
Includes  trees  in  classes  A,  B,  and  C  outli]i|ei, 
but  with  dead  or  dying  tops. 


Vr 


f 
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Tree  vigor  classes  (Taylor  1939). 


Single-storied  stand. 


though  the  classification  was  developed  more 
an  30  years  ago,  is  subjective,  and  places  many 
ies  of  old-growth  stands  in  vigor  classes  C  and 
it  nevertheless  provides  useful  guidelines  in 
termining  the  kinds  of  trees  that  should  be  cut 
left,  depending  on  stand,  insect  and  disease 
nditions,  and  management  objectives. 


STAND  DESCRIPTIONS 

e  following  stand  descriptions  are  suggested  as 
jliminary  guidelines  for  differentiating  mature 
overmature  lodgepole  pine  stands.  They  were 
veloped  largely  by  Tackle  (1955)  for  the 
[ermountain  Region,  but  have  been  modified 
observation  and  experience  in  the  central 
|cky  Mountains.  Stands  are  pure  pine  unless 
ierwise  indicated: 4 


3.  If  even-aged  in  appearance:  (a)  There  is  a 
small  range  in  diameter  classes  and  crown 
length,  (b)  Live  crown  length  of  dominants 
and  codominants  is  generally  short  to 
medium  (30  to  60  percent  of  the  total  tree 
height  and  boles  are  generally  clear  for  10  to 
40  percent  of  total  tree  height),  (c)  There  are 
few  coarse-limbed  trees  in  the  stand. 

4.  With  two  or  more  age  classes,  the  younger 
trees  usually  have  finer  branches,  smaller 
diameters,  longer  live  crown,  and  less  clear 
bole  than  older  trees. 

5.  Stocking  is  generally  uniform. 

6.  Usually  does  not  have  a  manageable  stand  of 
advanced  reproduction. 6 

7.  In  mixed  stands,  the  overstory  is  either  (a) 
pure  pine  or  (b)  pine  and  Engelmann  spruce, 
subalpine  fir,  or  Douglas-fir,  with  advanced 
reproduction  of  species  other  than  pine  that 
may  or  may  not  be  a  manageable  stand. 


Single-Storied  Stands^ 

jMay  appear  to  be  even-aged,  but  often 
contains  more  than  one  age  class,  occa- 
sionally may  even  be  broad-aged. 
.Codominants  form  the  general  level  of  the 
canopy,  but  the  difference  in  height  between 
dominants,  codominants,  and  intermediates  is 
not  as  great  as  in  spruce-fir  stands. 


6  Since  any  kind  of  cutting  may  destroy  as  much  as 
one-half  of  the  advanced  reproduction,  even  with 
careful  logging,  at  least  600  seedlings  and  saplings  per 
acre  of  good  form  and  vigor,  and  free  of  defect,  must 
be  present  to  be  considered  a  manageable  stand. 


.,  mixed  stand  is  one  where  either  less  than  80  percent 
|  the  overstory  basal  area  is  lodgepole  pine,  or  the 
iierstory  is  pine  with  an  understory  of  a  different 
i\ecies. 

izproduction  less  than  4.5  feet  tall  is  not  considered  a 
and  story  in  these  descriptions. 


3. 


4. 


8. 


Three-storied  stand. 


Two-Storied  Stands 


Three-Storied  Stands 


May  appear  to  be  two-aged,  but  can  contain 
more  than  two  age  classes. 
Top  story —dominants,  codominants,  and  in- 
termediates—resembles a  single-storied  stand. 
Second  story  is  composed  of  younger  trees  of 
smaller  diameter  —  small  saw  logs,  poles,  or 
saplings  —  than  top  story,  but  is  always  below 
and    clearly   distinguishable   from   the   over- 
story.   Trees   in   the  second  story  are  over- 
topped and  may  or  may  not  be  suppressed. 
If  more  than  two-aged,  the  overstory  usually 
contains  at  least  two  age  classes.  The  younger 
trees  are  finer  limbed  and  may  be  smaller  in 
diameter  than  the  older  trees.  Second  story 
may  also  contain  more  than  one  age  class. 
Stocking  of  overstory  may  be  irregular,  but 
overall  stocking  is  usually  uniform. 
Usually  does  not  have  a  manageable  stand  of 
advanced  reproduction. 

In  mixed  stands,  overstory  is  usually  pure 
pine,  but  occasionally  may  be  pine  and 
spruce  or  Douglas-fir.  Second  story  is  usually 
spruce  and  fir  at  higher  elevations  and 
Douglas-fir  at  lower  elevations. 
Stocking  in  mixed  stands  may  vary  from 
uniform  to  irregular. 

Mixed  stands  may  have  a  manageable  stand  of 
advanced  reproduction  of  species  other  than 
pine. 


1.  May    appear    three-aged;   can   contain   mo 
than  three  age  classes  but  is  seldom  broa< 
aged. 

2.  Top  story  resembles  a  single-storied  stan 
except  that  there  are  fewer  trees. 

3.  Second  and  third  stories  consist  of  youngci 
smaller  diameter  trees.  Second  story  may  1] 
small  saw  logs  or  large  poles,  while  the  thti 
story  is  likely  to  be  composed  of  small  pol ) 
or  saplings.  Second  and  third  stories  are  ovej 
topped,  and  some  trees  may  be  suppressed. 

4.  Overall  stocking  is  likely  to  be  uniform,  b  i 
stocking  of  any  story  may  be  irregular. 

5.  Usually  does  not  have  a  manageable  stand  i 
advanced  reproduction. 

6.  In  mixed  stands  the  top  story  may  be  eith 
pure   pine  or  a  mixture  of  pine  and  oth 
species.  Second  story  is  usually  spruce  airt 
subalpine  fir  at  higher  elevations,  or  Dough 
fir    at    lower    elevations.    May    occasional ; 
contain  some  pine,  but  is  rarely  pure  pin : 
Third   story   is  almost  always  composed    »i 
species  other  than  pine. 

7.  Stocking  in  mixed  stands  can  vary  fro  i! 
uniform  to  irregular. 

8.  Mixed  stands  often  have  a  manageable  stan1 
of  advanced  reproduction  of  species  oth  s 
than  pine. 
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Multi-storied  stand. 


Multi-Storied  Stands 

Usually  broad-aged  with  a  wide  range  in 
diameters. 

If    stands    developed    from    relatively    few 
individuals   following  disturbance,  the  over- 
story  trees  are  coarse-limbed.  Fill-in  trees  are 
better    formed    and    finer  limbed.    Vigor   of 
overstory  trees  varies  from  poor  to  good. 
In  stands  that  developed  from  deterioration 
of  single-  or  two-storied  stands,  the  overstory 
trees  may  be  no  limbier  than  the  fill-in  trees. 
Nearly  all  of  the  healthy,  faster  growing  trees 
are  below  saw  log  size. 
Stocking  may  be  irregular. 
May  have  a  manageable  stand  of  advanced 
reproduction. 

In  a  mixed  stand,  the  overstory  may  be  pure 
pine  or  either  pine,  spruce,  and  fir  at  higher 
elevations  or  pine  and  Douglas-fir  at  lower 
elevations.  Understory  trees  have  the  same 
characteristics  as  pure  stands  except  that  the 
composition  is  likely  to  be  species  other  than 
pine. 

Stocking  in  mixed  stands  is  more  likely  to  be 
irregular. 

Mixed  stands  frequently  have  a  manageable 
stand  of  advanced  reproduction  of  species 
other  than  pine. 


CUTTING  PRACTICES 

he  kinds  of  stands  desirable  to  meet  different 
management  objectives  suggest  certain  cutting 
ractices.  However,  such  factors  as  stand 
pnditions,  windfall,  insect  and  disease 
tisceptibility,  and  the  risk  of  potential  fire 
amage,  which  vary  from  place  to  place  on  any 
"ea,  limit  the  handling  of  stands.  Furthermore, 
le  economics  of  harvesting,  manufacturing,  and 


marketing  wood  products  in  the  central  Rocky 
Mountains  imposes  further  limitations  on 
cutting  practices.  Cutting  to  bring  old-growth 
lodgepole  pine  under  management  is  likely  to  be 
a  compromise  between  what  is  desirable  and 
what  is  possible.  Management  may  involve  a 
combination  of  clearcutting  small  areas,  several 
partial  cutting  treatments,  and  no  cutting  on 
many  areas.  Initial  cuttings  will  be  in  the  form 
of  intermediate  cuts  on  some  areas,  sanitation 
salvage  cuts  on  others,  and  regeneration  cuts  on 
still  other  areas. 

The  recommendations  that  follow  are  keyed  to 
stand  descriptions  and  windfall  risk  situations. 
Additional  constraints  imposed  by  insect  and 
disease  problems  are  considered  at  the  end  of 
this  section.  The  recommendations  are  suggested 
as  guides  to  initial  cutting  with  the  objective  of 
maintaining  forest  cover  after  the  first  cut. 
Accurate  appraisal  of  the  capabilities  and 
limitations  of  each  stand,  careful  marking  of 
individual  trees  or  groups  of  trees  to  be 
removed,  and  close  supervision  of  logging  are 
required.  Stands  are  considered  pure  pine  unless 
otherwise  indicated. 

Single-Storied  Stands 

Usually  these  are  the  least  windfirm  because  the 
trees  have  developed  together  over  long  periods 
of  time  and  mutually  protect  each  other  from 
the  wind. 

Low  Windfall  Risk  Situations 

1.  The  first  cut  can  remove  about  30  percent  of 
the  basal  area  on  an  individual-tree  basis. ? 

7  As  a  practical  matter,  small  trees  that  do  not  represent 
significant  competition  to  the  remainder  of  the  stand 
may  be  excluded  from  the  computation  of  the  basal 
area. 
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This  initial  entry  is  an  intermediate  cut  that 
resembles  the  first  step  of  a  three-cut  shelter- 
wood,  since  it  probably  does  not  open  up  the 
stand  enough  for  pine  reproduction  to 
become  established  in  significant  numbers. 
Overstory  trees  are  all  about  equally 
susceptible  to  blowdown;  therefore  the 
general  level  of  the  canopy  should  be 
maintained  by  removing  some  trees  in  each 
overstory  crown  class.  The  cut  should  come 
from  C  and  D  vigor  class  trees,  but  openings 
larger  than  one  tree  height  in  diameter  should 
be  avoided  by  distributing  the  cut  over  the 
entire  area.  In  mixed  stands,  if  the  overstory 
is  pure  pine,  handle  as  a  pure  stand;  if  the 
overstory  is  of  mixed  composition,  cut  as 
much  of  the  basal  area  recommended  in  pine 
as  is  possible  to  release  the  climax  species. 
2.  The  usual  uniform  arrangement  of  individual 
trees  in  single-storied  stands  is  not  well 
adapted  to  removing  trees  by  group  selection 
cutting.  Occasionally,  however,  natural 
openings  do  occur  when  stands  begin  to 
break  up.  Furthermore,  small  openings  may 
be  desirable  to  meet  management  objectives. 
An  alternative  to  removing  trees  on  an 
individual  basis  would  be  to  remove  about  30 
percent  of  the  basal  area  in  groups.  Openings 
should  be  kept  small,  not  more  than  one  to 
two  times  tree  height  in  diameter;  not  more 
than  one-third  of  the  area  should  be  cutover 
at  any  one  time.  This  kind  of  cutting  should 
be  used  only  in  stands  where  insect  and 
disease  problems  are  minimal. 

Moderate  Windfall  Risk  Situations 

1.  The  first  cut  should  be  limited  to  a  light 
intermediate  cutting  that  removes  about  20 
percent  of  the  basal  area  on  an  individual-tree 
basis.  The  objective  is  to  open  up  the  stand 
enough  to  allow  the  remaining  trees  to 
develop  windfirmness,  but  provision  should 
be  made  to  salvage  blowdowns.  This  type  of 
cutting  resembles  a  sanitation  cut  in  that  the 
lowest  vigor  and  poorest  risk  trees  should  be 
removed,  but  it  is  important  that  the  general 
level  of  the  overstory  canopy  be  maintained 
intact.  Mixed  stands  should  be  handled  the 
same  as  in  low  wind  risk  situations,  except 
that  less  basal  area  will  be  removed. 

High  Windfall  Risk  Situations 

1.  The  choice  is  limited  to  removing  all  trees  or 
leaving  the  stand  uncut.  Cleared  openings  can 
be   up   to   about  5  acres,  interspersed  with 


uncut  areas.  Cutover  areas  should  not  excee; 
about    one-third    of    the    total    in   this   ris 
situation. 

Two-  and  Three-Storied  Stands 

Trees  in  the  top  story  are  usually  more  windfir:  r 
than  those  in  a  single-storied  stand.  Trees  in  tl1 
second  and  third  stories  are  usually  less  winq 
firm  than  trees  in  the  top  story. 

Low  Windfall  Risk  Situations 

1.  The  first  cut  can  remove  up  to  50  percent  <| 
the  basal  area  in  two-storied  stands  (providir ; 
not  more  than  half  of  the  basal  area  remove- 
comes   from  the  top  story),  and  up  to  j\ 
percent  of  the  basal  area  from  three-storiee' 
stands.  This  cutting  is  as  heavy  as  the  first  1 j 
regeneration  cut  of  a  two-cut  shelterwoo  | 
but  marking  follows  the  rules  for  individual 
tree     selection.    Heavier    cutting    may    jl 
possible    in    three-storied    stands,    but    ti| 
appearance  of  a  continuous  overstory  is  nfl 
likely  to  be  retained.  Trees  removed  shoui 
be  in  vigor  classes  C  and  D  insofar  as  possibH 
but  since  the  top  story  is  likely  to  be  moo| 
windfirm,     selected    dominants    am 
codominants  should  be  left  even  when  thjj 
are  in  vigor  classes  C  and  D,  if  they  do  nn 
have  dead  or  dying  tops.  Avoid  cutting  hoi  I 
in  the  canopy  larger  than  one  tree  height  i 
diameter   by   distributing  the   cut   over  tl 
entire  area.  In  mixed  stands,  if  the  top  sto  4 
or,   rarely,   the  first  and  second  stories  a.„ 
pure  pine,  handle  as  a  pure  stand.  If  the  t<  h 
story  is  of  mixed  composition,  cut  as  niul 
of  the  basal  area  to  be  removed  in  pine  as  1 
possible  and  release  the  climax  species,  bt 
do  not  cut  all  of  the  pine  if  it  is  needed  I 
maintain  the  overstory. 

2.  In    pure    or    mixed    stands    with    irreguli, 
stocking  that   may   have   resulted  from  tvf 
breakup  of  single-storied  stands,  old  beeiljl 
attacks,  or  windfall  losses,  an  alternative  fi]  1 
cut  can  remove  about  40  percent  of  the  ba; 4 
area  in  a  modified  group  selection.  Heavii: 
cuts  may  be  possible,  but  the  appearance  o: 
continuous    overstory    canopy   may   not    | 
retained.  The  group  openings  can  be  larg.1 
(two    to    three    times   tree   height)   than   ) 
single-storied    stands,   but   the   area   cuto\) 
should   not   exceed   about   one-third  of  1 1 
total.  Openings  should  be  irregular  in  sha i 
without    wind-catching    indentations  in  t 
borders.  This  kind  of  cutting  is  not  applical  > 
in  pure  stands  where  mountain  pine  beetle  ' 
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dwarf  mistletoe  impose  limitations,  because 
the  interval  between  initial  cutting  and  final 
harvest  is  likely  to  be  too  long  to  prevent 
serious  mistletoe  infection  of  new  repro- 
duction and/or  loss  of  beetle-susceptible 
trees. 

Moderate  Windfall  Risk  Situations 

The  first  cut  should  be  an  intermediate 
harvest  that  removes  not  more  than  30 
percent  of  the  basal  area  on  an  individual-tree 
basis.  Predominants,  and  codominants  and 
intermediates  with  long  live  crowns  should  be 
removed  first.  The  remaining  cut  should  then 
come  from  trees  in  vigor  classes  C  and  D. 
Maintain  the  general  level  of  the  canopy  by 
not  cutting  holes  larger  than  one  tree  height 
in  diameter  in  the  canopy.  Provision  should 
be  made  to  salvage  blowdowns.  Mixed  stands 
should  be  handled  as  in  low  wind  risk 
situations  except  that  less  basal  area  should 
be  removed. 

igh  Windfall  Risk  Situations 

The  choice  is  limited  to  either  removing  all 
the  trees  or  leaving  the  stand  uncut.  Cleared 
openings  can  be  up  to  about  five  acres,  inter- 
spersed with  uncut  areas.  The  cutover  area 
should  not  exceed  about  one-third  of  the 
total  in  this  risk  situation. 

Multi-Storied  Stands 

lese  are  usually  the  most  windfirm  stands, 
'en  where  they  have  developed  from  the 
eterioration  of  single-  and  two-storied  stands. 
y  the  time  they  have  reached  their  present 
mdition,  the  remaining  overstory  trees  are 
tely  to  be  windfirm. 

pw  to  Moderate  Windfall  Risk  Situations 

I  There  is  considerable  flexibility  in  harvesting 
i  these  stands.  All  size  classes  can  be  cut,  with 
I  emphasis  on  either  the  largest  or  smallest 
i  trees  in  the  stand.  The  first  cut  can  range 
:  from   an    overwood   removal   to   release  the 

younger  growing  stock  to  a  thinning  from 
|  below  to  improve  the  spacing  of  the  most 

vigorous  of  the  larger  trees.  Thereafter, 
i  cutting  can  be  directed  toward  either  even- 
'  aged  or  uneven-aged  management.  In  mixed 
i  stands  the  first  cut  should  be  an  overwood 
i  removal  of  the  pine  to  release  the  climax 
■  species.  The  understory  trees  should  be 
I  thinned  to  improve  spacing. 


High  Windfall  Risk  Situations 

1.  The  safest  first  cut  is  an  overwood  removal 
with  a  light  thinning  from  below  to  obtain  a 
wider  spaced,  more  open  stand  that  can 
develop  windfirmness.  Thereafter,  cutting  can 
be  directed  toward  either  uneven-  or  even- 
aged  management. 


Modifications  to  Cutting 

Practices  Imposed  by  Disease 

and  Insect  Problems 

Dwarf  Mistletoe 

1.  Cut  only  in  stands  where  the  average  mistle- 
toe rating  is  two  or  less  (less  than  about 
two-thirds  of  the  trees  are  infected),  and 
remove  only  the  percentage  of  basal  area 
recommended  for  the  stand  description  and 
windfall  situation.  In  single-storied  stands, 
where  site  index  is  70  or  above,  trees  in  the 
intermediate  and  lower  crown  classes  should 
be  removed  in  preference  to  dominants  and 
codominants.  If  site  index  is  below  70,  trees 
in  all  crown  classes  are  about  equally 
susceptible  to  infection.  In  two-  and  three- 
storied  stands,  as  much  of  the  cut  as  is 
possible  should  come  from  the  second  and 
third  stories  because  these  trees  are  likely  to 
be  more  heavily  infected  than  the  top  story. 
To  minimize  infection  of  new  reproduction 
in  single-,  two-,  and  three-storied  stands,  the 
final  overstory  removal  should  be  made  when 
the  new  reproduction  is  tall  enough  to 
provide  a  forest  aspect,  but  should  not 
exceed  30  years  after  the  regeneration  cut 
when  the  average  mistletoe  rating  is  one,  or 
20  years  when  the  rating  is  two.  Provision 
should  be  made  to  sanitize  the  young  stand  at 
the  time  of  final  harvest.  In  multi-storied 
stands,  the  safest  procedure  is  an  overwood 
removal  with  a  cleaning  and  thinning  from 
below. 

2.  In  old-growth  stands  with  an  average  mistle- 
toe rating  of  greater  than  two,  any  partial 
cutting,  thinning,  or  cleaning  is  likely  to 
intensify  the  infection.  The  safest  procedure, 
therefore,  is  to  either  remove  all  of  the  trees 
and  start  a  new  stand  or  leave  the  stand 
uncut.  If  the  manager  chooses  to  make  a 
partial  cut  for  any  reason,  the  initial  harvest 
should  be  heavy  enough  to  be  a  regeneration 
cut.    All    residual    trees    must    be    removed 
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within  10  years  after  the  first  cut,  and 
provision  made  to  sanitize  the  young  stand  at 
that  time. 

Comandra  Blister  Rust 

1.  Cut  as  many  trees  with  stem  cankers  and 
spike-tops  as  possible  without  removing  more 
than  the  recommended  basal  area  or  cutting 
large  openings  in  the  canopy.  Since  the  rate 
of  spread  in  mature  trees  is  relatively  slow 
and  the  disease  is  not  transmitted  from  pine 
to  pine,  leaving  a  few  infected  trees  is  less  of 
a  risk  than  opening  up  the  stand  too  much. 

Mountain  Pine  Beetle 

1.  If  the  insect  is  present  in  the  stand  at  an 
endemic  level,  or  in  adjacent  stands  in 
sufficient  numbers  to  make  successful 
attacks,  and: 

a.  Less  than  the  recommended  percentage  of 
basal  area  to  be  removed  is  in  susceptible 
trees,  any  attacked  tree  and  all  of  the  most 
susceptible  trees  should  be  removed  in  the 
first  cut.  This  will  include  most  of  the 
trees  12  inches  d.b.h.  and  larger,  and  all 
trees  10  to  12  inches  d.b.h.  in  vigor  classes 
A  and  B.  Provision  should  be  made  to 
salvage  attacked  trees,  and  a  second  cut 
should  be  made  about  10  years  after  the 
first  cut. 

b.  More  than  the  recommended  percentage 
of  basal  area  to  be  removed  is  in 
susceptible  trees,  the  manager  has  three 
options:  1)  remove  all  the  trees,  2)  remove 
the  recommended  basal  area  in  attacked 
and  susceptible  trees  and  accept  the  risk  of 
future  losses,  or  3)  leave  the  stand  uncut. 
If  the  stand  is  partially  cut  or  left  uncut, 
some  trees  from  7  to  12  inches  d.b.h.  and 
most  trees  below  7  inches  d.b.h.  will 
survive. 

2.  If  the  stand  is  sustaining  an  infestation  that  is 
building  up,  and  the  manager  chooses  to 
either  partially  cut  or  leave  the  stand  uncut, 
he  must  accept  the  risk  of  an  outbreak  that 
could  destroy  most  of  the  merchantable 
stand. 

REGENERATION  PRACTICES 

The  primary  purposes  of  the  cutting  practices 
suggested  are  to  aid  the  forest  manager  in 
maintaining  continuous  forest  cover  of  lodge- 
pole  pine  while  minimizing  the  limitations  to 
partial  cutting  imposed  by  silvical  requirements, 
stand   conditions,   wind,   insects,   and   diseases. 


Nevertheless,  the  reductions  made  in  the  ov 
story  canopy  by  removing  40  percent  or  more 
the  basal  area  by  modified  shelterwood, 
openings  cut  in  the  canopy  by  modified  gro 
selection,  are  large  enough  to  permit  n< 
reproduction  to  become  established,  providi 
there  is  a  sufficient  seed  supply  and  the  seedb 
is  compatible  with  germination  and  surviv 
Furthermore,  this  kind  of  cutting  is  hea< 
enough  that  some  treatment  of  logging  slash  a; 
unmerchantable  material  is  usually  necessary  | 
desirable. 

Lodgepole  pine  varies  considerably  in  its  co  i 
habit,  and  each  stand  should  be  examined  befct 
cutting  to  determine  serotiny.  Individual  tre; 
generally  bear  either  serotinous  or  no 
serotinous  cones, 8  and  at  least  40  percent  of  tl  1 
trees  should  bear  serotinous  cones  before  a  stai  i 
can  be  considered  to  have  the  closed-cone  hab  I 

In  general,  throughout  much  of  Colorado  aim 
southern  Wyoming,  seed  is  stored  in  closw 
cones  that  open  only  when  exposed  to  relative'] 
high  temperatures  (Alexander  1966b,  Tackn 
1961).  Dispersal  comes  largely  from  con: 
attached  to  the  logging  slash  or  scattered  on  tl  r 
ground.  How  and  when  the  slash  is  treats 
directly  influences  regeneration  success.  Trez; 
ment  should  not  be  attempted  until  the  con  I 
have  had  time  to  dry  out  and  open  up.  Where ; 
residual  stand  remains,  treatment  should  1 1 
limited  to  lopping  and  scattering,  chipping  aloi  { 
the  roadways,  and  hand  piling  and  burning  i 
minimize  damage.  In  cleared  openings,  it  may  1  < 
possible  to  machine  pile  the  concentrations  fil 
burning. 

In  northern  Wyoming,  cones  generally  open  I 
maturity  and  seeds  are  dispersed  by  the  wind  i 
the  usual  manner.  Most  seeds  will  fall  withi 
about  200  feet  of  the  source  (Boe  1956,  Tack  i 
1964b).  In  those  situations,  seed  for  regene  ■ 
ation  comes  from  trees  cut  on  the  area,  le  tj 
standing  on  the  area,  or  standing  around  tta 
perimeter.  Slash  should  be  handled  in  the  sair ; 
manner  as  in  closed-cone  stands,  except  that  a 
can  be  treated  when  green. 

Scarification  is  usually  necessary  to  remo\  ' 
heavy  concentrations  of  duff  and  litter  t>| 
prepare  mineral  soil  seedbeds;  it  should  be  dor ' 
during  logging  and  slash  treatment. 

#  Lotan  and  Jensen  (1970)  classified  lodgepole  pin 
trees  in  the  Northern  Rockies  and  Intermountai 
Region  as  serotinous  if  they  bore  90  percent  or  moi 
closed  cones,  and  non-serotinous  if  they  bore  9 
percent  or  more  open  cones. 
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PARTIAL  CUTTING 
PRACTICES   IN 
OLD-GROWTH 
LODGEPOLE  PINE 


A  Field  Guide 


by  Robert  R.  Alexander 


INTRODUCTION 

This  field  guide  was  prepared  to  aid  the  for- 
est manager  in  identifying  different  stand 
conditions  and  developing  partial  cutting 
practices  needed  to  maintain  permanent  forest 
cover.   Detailed  information  on  tree  and 
stand  characteristics,  windfall  risk,  insect 
and  disease  susceptibility,  and  cutting 
practices  to  integrate  timber  production 
with  other  uses  is  given  in  USDA  Forest 
Service  Research  Paper  RM-92,  "Partial 
Cutting  Practices  in  Old-Growth  Lodgepole 
Pine." 


WINDFALL  RISK  SITUATION 

A.  LOW  RISK 

1.  Valley  bottoms  except  where  parallel  to  the  pre- 
vailing winds,  and  all  flat  areas. 

2.  All  lower  and  gentle  middle  north-  and  east- 
facing  slopes. 

3.  All  lower  and  gentle  middle  south-  and  west- 
facing  slopes  that  are  protected  by  considerably 
higher  ground  not  far  to  windward. 

B.  MODERATE  RISK 

1.  Valley  bottoms  parallel  to  the  direction  of 
prevailing  winds. 

2.  All  lower  and  gentle  middle  south-  and  west- 
facing  slopes  not  protected  to  the  windward. 

3.  Moderate  to  steep  middle  and  all  upper  north- 
and  east-facing  slopes. 

4.  Moderate  to  steep  middle  south-  and  west-facing 
slopes  protected  by  considerably  higher  ground 
not  far  to  windward. 

C.  HIGH  RISK 

1.  Ridgetops. 

2.  Moderate  to  steep  middle  south-  and  west-facing 
slopes  not  protected  to  the  windward  and  all 
upper  south-  and  west-facing  slopes. 

3.  Saddles  in  ridgetops. 

The  risk  of  windfall  in  these  situations  is  increased  at 
least  one  category  by  such  factors  as  poor  drainage, 
shallow  soils,  and  defective  roots  and  boles.   All  situa- 
tions become  high  risk  if  exposed  to  special  topographic 
situations  such  as  gaps  and  saddles  in  ridges  at  higher 
elevations  to  the  windward  that  can  funnel  wind  into  the 
area. 


MISTLETOE       RATING      SYSTEM 


INSTRUCTIONS 

STEP  I.  Divide   live    crown    into  thirds. 

STEP  2.   Rote    eoch    third    seporotely. 
Each    third    should    be     given     a 
roting    of    0,  I    or  2  as    described 

below.  

(0)    No   visible    infections. 
(  I)   Light   infection   (1/2   or 
less    of   total    number    of 
branches  in  the   third    infected) 
(2)    Heavy    infection    (more 
than   1/2    of    total 
number     of    branches     n 
the   third    infected). 

STEP  3.    Finally,     add 
ratings     of     thirds    to 
obtain    rating    for 
total      tree. 


EXAMPLE 


If    this   third     has    no    visibln 
infections,   its    rating  is    (0). 


If    this    third    is     lightly    infee 
its    rating     is    (I). 


If   this   third     is     heavily . 
infected,    its  rating  is  ( 


The   tree     in    this    exami 
will     receive    a     rating 
0+1  +  2    •    3. 


The  average  stand  rating  can  be  estimated  by  determining  the 
percentage  of  trees  infected  in  the  stand.   The  approximate 
relationship  of  average  stand  rating  to  proportion  of  trees 
infected  in  mature  stands  is  shown  below: 


Average  stand 
mistletoe  rating 

1 

2 

3 

A 

5 


Percent  of  trees 
infected 

50 

70 

90 

97 

99 


100 


TREE   VIGOR   CLASSES 


C&ss  A 


C/bssB 


Chss  C 


Chss  D 


VIGOR  CLASS  A 

1.  Crown  area:   30  percent  or  more  of  the  "extreme 
outline"  of  vigor  class  A. 

2.  Crown  length:   50  percent  or  more  of  the  bole 
length. 

3.  Crown  vigor:   Dense,  full,  good  color,  pointed. 
VIGOR  CLASS  B 

1.  Crown  area:  Usually  more  than  30  percent  but  less 
than  50  percent  of  the  "extreme  outline"  of  vigor 
class  A. 

2.  Crown  length:   Usually  more  than  50  percent  but 
usually  less  than  60  percent  of  the  bole  length. 


3.   Crown  vigor:   Moderately  dense, 
or  slightly  rounded. 

VIGOR  CLASS  C 


color,  pointed 


1.  Crown  area:   15  to  30  percent  of  the  "extreme 
maximum"  of  vigor  class  A. 

2.  Crown  length:   A0  to  50  percent  of  the  bole  length 
except  for  trees  with  above- average  vigor  when  20 
percent  of  the  bole  length  is  sufficient. 

3.  Crown  vigor:   Sparse,  bunchy,  poor  color,  never 
pointed. 

D.   VIGOR  CLASS  D 


1.   All  live  trees  of  poorer  vigor  than  class  C. 

Includes  trees  in  classes  A,  B,  and  C  outlines  but 
with  dead  or  dying  tops. 


SINGLE- STORY 


STAND  DESCRIPTION 

1.  May  appear  to  be  even-aged,  but  often  contains  more 
than  one  age  class,  occasionally  may  even  be  broad- 
aged. 

2.  Codominants  form  the  general  level  of  the  canopy,  but 
the  difference  in  height  between  dominants,  codomi- 
nants and  intermediates  is  not  as  great  as  in  spruce- 
fir  stands. 

3.  If  even-aged  in  appearance:   (a)  There  is  a  small 
range  in  diameter  classes  and  crown  length.   (b)  Live 
crown  length  of  dominants  and  codominants  is  gener- 
ally short  to  medium  (30  to  60  percent  of  the  total 
tree  height  and  boles  are  generally  clear  for  10  to 
40  percent  of  total  tree  height).   (c)  There  are  few 
coarse- limbed  trees  in  the  stand. 

4.  With  two  or  more  age  classes,  the  younger  trees 
usually  have  finer  branches,  smaller  diameters, 
longer  live  crown  and  less  clear  bole  than  older 
trees. 

5.  Stocking  is  generally  uniform. 

6.  Usually  does  not  have  a  manageable  stand  of  advanced 
reproduction. 


7.   In  mixed  stands,  the  overstory  is  either  (a)  pure  pine 
or  (b)  pine  and  Engelmann  spruce,  subalpine  fir  or 
Douglas-fir,  with  advanced  reproduction  of  species 
other  than  pine  that  may  or  may  not  be  a  manageable 
stand. 


SUGGESTED  CUTTING  PRACTICES 


These  stands  are  usually  the  least  windfirni  because  the  trees  have 
developed  together  over  long  periods  of  time  and  mutually  protect 
each  other  from  the  wind. 

1.  Low  windfall  risk  situations 

a.  The  first  cut  can  remove  about  30  percent  of  the  basal  area 
on  an  individual  tree  basis.   This  first  entry  is  an  inter- 
mediate cut  that  resembles  the  first  step  of  a  three-cut 
shelterwood  since  it  probably  does  not  open  up  the  stand 
enough  for  pine  reproduction  to  become  established  in  sig- 
nificant numbers.   Overstory  trees  are  all  about  equally 
susceptible  to  blowdown,  therefore,  the  general  level  of  the 
canopy  should  be  maintained  by  removing  some  trees  in  each 
overstory  crown  class.   The  cut  should  come  from  C  and  D 
vigor  class  trees,  but  avoid  cutting  openings  larger  than  one 
tree  height  in  diameter  by  distributing  the  cut  over  the  en- 
tire area.   In  mixed  stands,  if  the  overstory  is  pure  pine, 
handle  as  a  pure  stand,  but  if  the  overstory  is  of  mixed 
composition,  cut  as  much  of  the  pine  as  possible  (without 
exceeding  the  percentage  of  basal  area  recommended)  to 
release  the  climax  species. 

b.  The  usual  uniform  arrangement  of  individual  trees  in  single- 
storied  stands  is  not  well  adapted  to  removing  trees  by 
group  selection  cutting.   Occasionally,  however,  natural 
openings  do  occur  when  stands  begin  to  break  up.   Further- 
more, small  openings  may  be  desirable  to  meet  management 
objectives.   An  alternative  to  removing  trees  on  an  indi- 
vidual basis  would  be  to  remove  about  30  percent  of  the 
basal  area  in  groups.   Openings  should  be  kept  small — not 
more  than  1  to  2  times  tree  height  in  diameter — and  not 
more  than  one-third  of  the  area  should  be  cutover  at  any 

one  time.   This  kind  of  cutting  should  be  used  only  in  stands 
where  insect  and  disease  problems  are  minimal. 

2.  Moderate  windfall  risk  situations 

a.   The  first  cut  should  be  limited  to  a  light  intermediate 
cutting  that  removes  about  10  to  20  percent  of  the  basal 
area  on  an  individual  tree  basis.   The  objective  is  to 
open  up  the  stand  enough  to  allow  the  remaining  trees  to 
develop  windf irmness,  but  provision  should  be  made  to  sal- 
vage blowdowns.   This  type  of  cutting  resembles  a  sanitation 
cut  in  that  the  lowest  vigor  and  poorest  risk  trees  should 
be  removed,  but  it  is  important  that  the  general  level  of 
the  overstory  canopy  be  maintained  intact.   Mixed  stands 
should  be  handled  the  same  as  in  low  wind  risk  situations, 
except  that  less  basal  area  will  be  removed. 

3.  High  windfall  risk  situations 

a.   The  choice  is  limited  to  removing  all  trees  or  leaving 
the  stand  uncut.   Cleared  openings  can  be  up  to  about  5 
acres  interspersed  with  uncut  areas.   Cutover  areas  should 
not  exceed  about  one- third  of  the  total. 


TWO- STORY 


STAND  DESCRIPTION 

1.  May  appear  to  be  two-aged,  but  can  contain  more  than  two 
age  classes. 

2.  Top  story — dominants,  codominants  and  intermediates 
resembles  a  single-storied  stand. 

3.  Second  story  is  composed  of  younger  trees  of  smaller 
diameter — small  saw  logs,  poles  or  saplings — than 
top  story,  but  is  always  below  and  clearly  dis- 
tinguishable from  the  overstory.   Trees  in  the 
second  story  are  overtopped  but  may  not  be  suppressed. 

4.  If  more  than  two-aged,  the  overstory  usually  contains  at 
least  two  age  classes.   The  younger  trees  are  finer 
limbed  and  may  be  smaller  in  diameter  than  the  older 
trees.   Second  story  may  also  contain  more  than  one  age 
class. 

5.  Stocking  of  overstory  may  be  irregular,  but  overall 
stocking  is  usually  uniform. 

6.  Usually  does  not  have  a  manageable  stand  of  advanced 
reproduction. 

7.  In  mixed  stands,  overstory  is  usually  pure  pine,  but 
occasionally  may  be  pine  and  spruce  or  Douglas-fir. 
Second  story  is  usually  spruce  and  fir  at  higher 
elevations  and  Douglas-fir  at  lower  elevations. 

8.  Stocking  in  mixed  stands  may  vary  from  uniform  to 
irregular. 


9.   Mixed  stands  often  have  a  manageable  stand  of  advanced 
reproduction  of  species  other  than  pine. 


SUGGESTED  CUTTING  PRACTICES 

Trees  in  the  top  story  are  usually  more  windfirm  than  those  in  a 
single-storied  stand.  Trees  in  the  second  and  third  stories  are 
usually  less  windfirm  than  trees  in  the  top  story. 

1.  Low  windfall  risk  situations 

a.  The  first  cut  can  remove  up  to  40  percent  of  the  basal  area 
in  three-storied  stands  (providing  not  more  than  half  of  the 
basal  area  removed  comes  from  the  top  story).   This  cutting 
is  as  heavy  as  the  first  or  regeneration  cut  of  a  two-cut 
shelterwood,  but  marking  follows  the  rules  for  individual 
tree  selection.   Trees  removed  should  be  in  vigor  classes  C 
and  D  insofar  as  possible,  but  since  the  top  story  is  likely 
to  be  more  windfirm,  selected  dominants  and  codominants 
should  be  left  even  when  they  are  in  vigor  classes  C  and  D, 
if  they  do  not  have  dead  or  dying  tops.   Avoid  cutting  holes 
in  the  canopy  larger  than  one  tree  height  in  diameter  by 
distributing  the  cut  over  the  entire  area.   In  mixed  stands, 
if  the  top  story  or  the  first  and  second  stories  are  pure 
pine,  handle  as  a  pure  stand.   If  the  top  story  is  of  mixed 
composition,  cut  as  much  of  the  basal  area  to  be  removed  in 
pine  as  is  possible  and  release  the  climax  species,  but  do 
not  cut  all  of  the  pine  if  it  is  needed  to  maintain  the 
overstory. 

b.  In  pure  or  mixed  stands  with  irregular  stocking,  an  alter- 
native first  cut  can  remove  about  40  percent  of  the  basal 
area  in  a  modified  group  selection.   The  group  openings  can 
be  larger  (2  to  3  times  tree  height)  than  in  single-storied 
stands,  but  the  area  cutover  should  not  exceed  about  one- 
third  of  the  total.   Openings  should  be  irregular  in  shape 
without  wind-catching  indentations  in  the  borders.   This 
kind  of  cutting  is  not  applicable  in  pure  stands  where  moun- 
tain pine  beetle  or  dwarf  mistletoe  impose  limitations  be- 
cause the  interval  between  initial  cutting  and  final  har- 
vest is  likely  to  be  too  long  to  prevent  serious  mistletoe 
infection  of  new  reproduction  and/or  loss  of  beetle- 
susceptible  trees. 

2.  Moderate  windfall  risk  situations 

a.   The  first  cut  should  be  an  intermediate  harvest  that 

removes  not  more  than  30  percent  of  the  basal  area  on  an 
individual  tree  basis.   Predominants,  and  codominants  and 
intermediates  with  long  live  crowns  should  be  removed. 
Maintain  the  general  level  of  the  canopy  by  not  cutting 
holes  larger  than  one  tree  height  in  diameter  in  the  can- 
opy.  Provision  should  be  made  to  salvage  blowdowns.   Mixed 
stands  should  be  handled  as  in  low  wind  risk  situations 
except  that  less  basal  area  will  be  removed. 

3.  High  windfall  risk  situations 

a.   The  choice  is  limited  to  either  removing  all  the  trees  or 
leaving  the  stand  uncut.   Cleared  openings  can  be  up  to 
about  5  acres,  interspersed  with  uncut  areas.   The  cutover 
area  should  not  exceed  about  one-third  of  the  total. 


THREE-STORY 


STAND  DESCRIPTION 

1.  May  appear  three-aged;  can  contain  more  than  three  age 
classes,  but  is  seldom  broad-aged. 

2.  Top  story  resembles  a  single-storied  stand  except  that 
there  are  fewer  trees. 


3.  Second  and  third  stories  consist  of  younger,  smaller 
diameter  trees.   Second  story  may  be  small  saw  logs  or 
large  poles,  while  the  third  story  is  like  to  be  com- 
posed of  small  poles  or  saplings.   Second  and  third 
stories  are  overtopped,  and  some  trees  may  be  suppressed. 

4.  Overall  stocking  is  likely  to  be  uniform,  but  stocking 
of  any  story  may  be  irregular. 

5.  Usually  does  not  have  a  manageable  stand  of  advanced 
reproduction. 

6.  In  mixed  stands  the  top  story  may  be  either  pure  pine 

or  a  mixture  of  pine  and  other  species.   Second  story  is 
usually  spruce  and  subalpine  fir  at  higher  elevations, 
or  Douglas-fir  at  lower  elevations.   May  occasionally 
contain  some  pine,  but  is  rarely  pure  pine.   Third 
story  is  almost  always  composed  of  species  other  than 
pine. 

7.  Stocking  in  mixed  stands  can  vary  from  uniform  to 
irregular . 

8.  Mixed  stands  often  have  a  manageable  stand  of  advanced 
reproduction  of  species  other  than  pine. 


SUGGESTED  CUTTING  PRACTICES 

Trees  in  the  top  story  are  usually  more  windfirm  than  those  in  a 
single-storied  stand.   Trees  in  the  second  story  are  usually  less 
windfirm  than  trees  in  the  top  story. 

1.  Low  windfall  risk  situations 

a.  The  first  cut  can  remove  up  to  50  percent  of  the  basal  area 
in  two-storied  stands  (providing  not  more  than  half  of  the 
basal  area  removed  comes  from  the  top  story) .   This  cutting 
is  as  heavy  as  the  first  or  regeneration  cut  of  a  two-cut 
shelterwood,  but  marking  follows  the  rules  for  individual 
tree  selection.   Trees  removed  should  be  in  vigor  classes  C 
and  D  insofar  as  possible,  but  since  the  top  story  is  likely 
to  be  more  windfirm,  selected  dominants  and  codominants 
should  be  left  even  when  they  are  in  vigor  classes  C  and  D, 
if  they  do  not  have  dead  or  dying  crowns.   Avoid  cutting 
holes  in  the  canopy  larger  than  one  tree  height  in  diameter 
by  distributing  the  cut  over  the  entire  area.   In  mixed 
stands,  if  the  top  story  or  rarely  the  first  and  second 
stories  are  pure  pine,  handle  as  a  pure  stand.   If  the  top 
story  is  of  mixed  composition,  cut  as  much  of  the  basal  area 
to  be  removed  in  pine  as  is  possible  and  release  the  climax 
species,  but  do  not  cut  all  of  the  pine  if  it  is  needed  to 
maintain  the  overstory. 

b.  In  pure  or  mixed  stands  with  irregular  stocking,  an  alterna- 
tive first  cut  can  remove  about  40  percent  of  the  basal 
area  in  a  modified  group  selection.   The  group  openings 

can  be  larger  (2  to  3  times  tree  height)  than  in  single- 
storied  stands,  but  the  area  cutover  should  not  exceed 
about  one- third  of  the  total.   Openings  should  be  irreg- 
ular in  shape  without  wind-catching  indentations  in  the 
borders.   This  kind  of  cutting  is  not  applicable  in  pure 
stands  where  mountain  pine  beetle  or  dwarf  mistletoe 
impose  limitations,  because  the  interval  between  initial 
cutting  and  final  harvest  is  likely  to  be  too  long  to  pre- 
vent serious  mistletoe  infection  of  new  reproduction  and/ 
or  loss  of  beetle-susceptible  trees. 

2.  Moderate  windfall  risk  situations 

a.   The  first  cut  should  be  an  intermediate  harvest  that  re- 
moves not  more  than  30  percent  of  the  basal  area  on  an 
individual  tree  basis.   Predominants,  and  codominants 
and  intermediates  with  long  live  crowns  should  be  re- 
moved.  Maintain  the  general  level  of  the  canopy  by  not 
cutting  holes  larger  than  one  tree  height  in  diameter 
in  the  canopy.   Provision  should  be  made  to  salvage  blow- 
downs.   Mixpd  stands  should  be  handled  as  in  low  wind 
risk  situations  except  that  less  basal  area  will  be 
removed. 

High  windfall  risk  situations 

a.   The  choice  is  limited  to  either  removing  all  the  trees  or 
leaving  the  stand  uncut.   Cleared  openings  can  be  up  to 
about  5  acres  interspersed  with  uncut  areas.   The  cutover 
area  should  not  exceed  about  one-third  of  the  total. 


MULTI-  STORY 


STAND  DESCRIPTION 

1.  Usually  broad-aged  with  a  wide  range  in  diameters. 

2.  If  stands  developed  from  relatively  few  individuals 
following  disturbance,  the  overstory  trees  are  coarse- 
limbed.   Fill-in  trees  are  better  formed  and  finer 
limbed.   Vigor  of  overstory  trees  varies  from  poor  to 
good. 

3.  In  stands  that  developed  from  deterioration  of  single- 
or  two-storied  stands,  the  overstory  trees  may  be  no 
limbier  than  the  fill-in  trees.   Nearly  all  of  the 
healthy,  faster  growing  trees  are  below  saw  log  size. 

4.  Stocking  may  be  irregular. 

5.  May  have  a  manageable  stand  of  advanced  reproduction. 

6.  In  a  mixed  stand,  the  overstory  may  be  pure  pine  or 
either  pine,  spruce  and  fir  at  higher  elevations  or 
pine  and  Douglas-fir  at  lower  elevations.   Understory 
trees  have  the  same  characteristics  as  pure  stands 
except  that  the  composition  is  likely  to  be  species 
other  than  pine. 

7.  Stocking  in  mixed  stands  is  iiore  likely  to  be  irregular. 

8.  Mixed  stands  frequently  have  a  manageable  stand  of 
advanced  reproduction  of  species  other  than  pine. 
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SUGGESTED  CUTTING  PRACTICES 

These  are  usually  the  most  windf  irm  standSj  even  where 
they  have  developed  from  the  deterioration  of  single- 
and  two-storied  stands.   By  the  time  they  have  reached 
their  present  condition,  the  remaining  overstory  trees 
are  likely  to  be  windfirm. 

1.  Low  to  moderate  windfall  risk  situations 

a.   There  is  considerable  flexibility  in  harvest- 
ing these  stands.   All  size  classes  can  be  cut 
with  emphasis  on  either  the  largest  or  smallest 
trees  in  the  stand.   The  first  cut  can  range  from 
an  overwood  removal  to  release  the  younger  grow- 
ing stock  ^o  a  thinning  from  below  to  improve  the 
spacing  of  the  larger  trees.   Thereafter  cutting 
can  be  directed  toward  either  even-aged  or  uneven- 
aged  management.   In  mixed  s t and s  the  first  cut 
should  be  an  overwood  removal  of  the  pine  to 
release  the  climax  species.   The  understory 
trees  should  be  thinned  to  improve  spacing. 

2.  High  windfall  risk  situations 

a.   The  safest  first  cut  is  an  overwood  removal  with  a 
light  thinning  from  below  to  obtain  a  wider  spaced, 
more  open  stand  that  can  develop  windf irmness . 
Thereafter,  cutting  can  be  directed  toward  either 
uneven-  or  even-aged  management. 


MODIFICATION  OF  SUGGESTED  CUTTING  PRACTICES  IMPOSED  BY 
DISEASE  AND  INSECT  PROBLEMS 

1.  Dwarf  mistletoe 

a.  Cut  only  in  stands  where  the  average  mistletoe 
rating  is  2  or  less,  (or  less  than  about  two- 
thirds  of  the  trees  are  infected)  and  remove  only 
the  percentage  of  basal  area  recommended  for  the 
stand  description  and  windfall  situation.   In 
single-storied  stands,  where  site  index  is  70  or 
above,  trees  in  the  intermediate  and  lower  crown 
classes  should  be  removed  in  preference  to  domi- 
nants and  codominants.   If  site  index  is  below 
70,  trees  in  all  crown  classes  are  about  equally 
susceptible  to  infection.   In  two-  and  three- 
storied,  as  much  of  the  cut  as  possible  should 
come  from  the  second  and  third  stories  because 
these  trees  are  likely  to  be  more  heavily  infected 
than  the  top  story.   To  minimize  infection  to  new 
reproduction  in  single-,  two-  and  three-storied 
stands,  the  final  overstory  removal  should  be  made 
within  30  years  after  the  regeneration  cut  when  the 
average  mistletoe  rating  is  1,  and  within  20  years 
when  the  rating  is  2.   Provision  should  be  made  to 
sanitize  the  young  stand  at  the  time  of  final  harvest. 
In  multi-storied  stands,  the  safest  procedure  is  an 
overwood  removal  with  a  cleaning  and  thinning  from 
below. 

b.  In  old-growth  stands  with  an  average  mistletoe 
rating  of  greater  than  2,  any  partial  cutting, 
thinning  or  cleaning  is  likely  to  intensify  the 
infection.   The  safest  procedure,  therefore,  is 
to  either  remove  all  trees  and  start  a  new  stand 
or  leave  the  stand  uncut.   If  the  manager  chooses 
to  make  a  partial  cut  for  any  reason,  the  initial 
harvest  should  be  heavy  enough  to  be  a  regeneration 
cut.   All  residual  trees  must  be  removed  within  10 
years  after  the  first  cut,  and  provision  made  to 
sanitize  the  young  stand  at  that  time. 

2.  Comandra  blister  rust 

a.  Cut  as  many  trees  with  stem  cankers  and  spiketops 
as  possible  without  removing  more  than  the  recom- 
mended basal  area  or  cutting  large  openings  in  the 
canopy.  Since  the  rate  of  spread  in  mature  trees 
is  relatively  slow,  and  the  disease  is  not  trans- 
mitted from  pine  to  pine,  leaving  a  few  infected 
trees  is  less  of  a  risk  than  opening  up  the  stand 
too  much. 
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3.   Mountain  pine  beetle 

a.  If  the  insect  is  present  in  the  stand  at  an 
endemic  level,  or  in  adjacent  stands  in  suffi- 
cient numbers  to  make  successful  attacks  and: 

(1)  Less  than  the  recommended  percentage  of  basal 
area  to  be  removed  is  in  susceptible  trees, 
any  attacked  tree  and  all  of  the  most  suscepti- 
ble trees  should  be  removed  in  the  first  cut. 
This  will  include  most  of  the  trees  14  inches 
d.b.h.  and  larger,  and  all  trees  10  to  14 
inches  d.b.h.  in  vigor  classes  A  and  B.   Pro- 
vision should  be  made  to  salvage  attacked  trees, 
and  a  second  cut  should  be  made  in  about  10  years 
after  the  first  cut. 

(2)  More  than  the  recommended  percentage  of  basal 
area  to  be  removed  is  in  susceptible  trees,  the 
manager  has  three  options:  (1)  remove  all  the 
trees,  (b)  remove  the  recommended  basal  area 

in  attacked  and  susceptible  trees  and  accept 
the  risk  of  future  losses>  or  (c)  leave  the  stand 
uncut.   If  the  stand  is  partially  cut  or  left  un- 
cut, some  trees  from  7  to  12  inches  d.b.h.  and 
most  trees  below  7  inches  d.b.h.  will  survive 
all  but  epidemic  outbreaks. 

b.  If  the  stand  is  presently  sustaining  an  infestation 
that  is  building  up,  and  the  manager  chooses  to 
either  partially  cut  or  leave  the  stand  uncut,  he 
must  accept  the  risk  of  an  outbreak  that  could 
destroy  most  of  the  merchantable  stand. 


Agricultur^-CSU,  Ft.  Collins 
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Abstract 

Morphometry  and  hydrologic  character  of  three  small  con- 
tiguous watersheds  are  analyzed  in  terms  of  elementary  length 
dimensions,  nondimensional  expressions,  and  similitude  concepts. 
The  approach  is  based  on  theory  that  watershed  morphology 
which  evolves  under  the  influence  of  dynamic  processes  should 
be  consistently  related  to  quantitative  resultants  of  the  processes. 
Within  this  framework,  maximum  length  of  master  watershed  and 
the  average  relief  of  first  order  basins  scale  most  nearly  the  same 
as  volume  yield  and  stormflow  peaks.  It  is  theorized,  therefore, 
that  these  form  elements  (1)  exert  primary  control  over  or  are 
closely  related  to  volume  yield  and  peak  flows,  and  (2)  are  better 
indicators  of  relative  volume  yields  and  peak  flows  than  is  area  on 
the  surface  of  the  laccolith.  Different  morphometrie  characteristics, 
however,  may  be  controlling  elements  under  conditions  of  different 
parent  rock  and  climate.  Dimensionless  parameters  such  as  shape 
are  also  examined. 
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Morphometry  of  Three  Small  Watersheds,  Black  Hills,  South  Dakota, 

and  Some  Hydrologic  Implications 


Teruo    Yamamoto    and    Howard    K.    Orr 


Every  watershed  is  unique.  Its  "unique- 
:ss"  may  not  be  clearly  evident,  even  to  the 
acticed  observer,  but  it  in  some  way  accounts 
r  or  is  related  to  measurable  differences  in 
/drologic  behavior  of  contiguous  and  other- 
ise  macroscopically  similar  watersheds, 
orphometric  (form)  properties,  for  example, 
mprise  a  class  of  physical  factors  acknowl- 
Iged  as  important  in  hydrologic  behavior  but 
nich  are  often  difficult  to  apprehend,  measure, 
;press,  or  evaluate.  Much  of  the  qualitative 
storical  effort  in  this  field  has  been  on  a 
gional  basis  and  has  concentrated  on  evolu- 
jn  of  landforms.  However,  quantitative 
ethods  are  by  now  so  well  established  and 
cepted  as  to  stimulate  sporadic  efforts  to 
late  morphometric  properties  to  hydrologic 
:rformance. 

Such  relationships  have  not  been  studied 
tensively  on  small  forested  watersheds.  The 
esent  study  was  undertaken  in  an  initial 
tempt  to  identify  significant  morphometric 
irameters  or  classes  of  parameters  and  their 
dw    implications.    This    kind   of   information 

sought  not  only  as  a  means  of  improving 
jr  understanding  of  basin  morphology,  water 
eld,  and  possible  forest  treatment  response, 
it  also  to  establish  a  geomorphic  benchmark 
)on  which  to  build  further  study  and  better 
iderstanding    of    the   hydrologic   functioning 

small  forested  watersheds  in  other  geologic 
pes  in  the  Black  Hills. 


The  Study  Watersheds 

Three  adjoining  watersheds,  217,  89,  and 
»0  acres,  referred  to  as  the  Sturgis  watershed, 
e  being  studied  in  detail.  They  are  headwater 
ibutaries  of  Alkali  Creek,  which  drains  a 
)rtion  of  the  Vanocker  Laccolith  in  the  north- 
istern  Black  Hills  near  Sturgis,  South  Dakota 
ig.  1).  A  number  of  such  laccoliths,  all  of 
ertiary  origin,  are  exposed  at  scattered  loca- 
ons  across  the  northern  Black  Hills. 

The  watersheds,  numbered  1,  2,  and  3  from 
ist  to  west,  all  drain  in  a  generally  northerly 
rection  (fig.  2).  The  watershed  surfaces  have 
ien  deeply  dissected,  apparently  by  the  con- 


centration of  erosion  along  primary  lines  of 
weakness  that  developed  during  cooling  of  the 
igneous  mass,  and  fractures  that  developed 
along  these  lines  during  subsequent  erosional 
unloading. 

The  parent  rock  is  a  hornblende-biotite 
quartz  latite  porphyry.  2  It  is  granitelike, 
dense,  structurally  firm,  and  practically  im- 
pervious except  in  fracture  and  crushed  zones. 
The  most  prominent  and  important  feature  of 
the  basic  rock  structure  is  shallow  sheeting,  a 
form  of  rupture  or  cracking,  parallel  to  the 
topographic  surface.  Sheeting  decreases  with 
increasing  depth,  where  vertical  jointing  be- 
comes a  common  feature. 

Two  distinctive  kinds  of  soil  are  present  in 
the  watersheds  —  Gray  Wooded  soil  and  lithosol. 
The  lithosols  are  shallow,  lack  B  horizons  or 
other  clearly  developed  horizons,  and  consist  of 
a  weathered  mass  of  hard  rock  or  hard  rock 
fragments  and  intermixed  soil.  These  occupy 
approximately  47  percent  of  the  total  study 
area.  The  Gray  Wooded  soils  (approximately  41 
percent  of  total  area)  as  described  byNishimura 
and  Willmot  3  compare  with  published 
morphology  (Radeke  and  Westin  1963).  The 
most  distinctive  characteristics  (from  which 
the  name  is  derived)  is  a  well-developed  A 
horizon  of  gray,  very  friable  loam  ranging  from 
about  10  to  30  inches  thick.  The  gray  horizon 
grades  into  a  brown  B  2  horizon  about  3  to  16 
inches  thick,  ranging  from  clay  to  sandy-loam 
texture  and  granular  to  subangular  blocky 
structure.  This  B  horizon  commonly  terminates 
rather  abruptly  on  the  parent  rock.  Scattered 
areas  of  rock  outcrop  and  rock  slides  occupy 
approximately  12  percent  of  the  total  area  of 
all  three  watersheds. 

All  three  watersheds  are  dominated  by  pon- 
derosa  pine  forest.  Because  of  many  years  of 
protection  as  a  municipal  water  supply  source, 

7  Identified  in  detailed  petrographic  analysis  oj 
drill  cores  in  1969  by  Professor  Edward  Bingler,  formerly 
o/  the  Geology  Department,  South  Dakota  School  oj  Mines 
and  Technology,  Rapid  City. 

Veteran  Lookout  Soils  Report  to  Forest  Super 
visor.  Black  Hills  National  Forest,  from  Robert  Gardner, 
Assistant  Regional  Forester,  R-2  January  17,  1963,  de 
scribed  by  J.  Nishimura  and  R.  Willmot. 
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Tertiary  igneous  intrusive  rocks 


Tertiary  sedimentary  rocks 


Mesozoic  rocks  from  Newcastle  Sandstone 
(Lower  Cretaceous)  to  top  of  Upper  Cretaceoi 


Mesozoic  rocks  below  Newcastle  sandstone  (Lc 
Cretaceous) .  Includes  Spearf ish  Formation 
which  is  mainly  Triassic  but  partly  Permia 


Precambrian  granite 


Precambrian  metamorphic  rocks 


Figure   1.  —  Location  of  the  Sturgis  watershi 


Figure  2.  — 

General  drainage  patt<  i 
of  the  Sturgis  watershei 


lere  is  a  greater  than  average  amount 
[  mature  to  overmature  and  decadent  saw- 
mber.  However,  second-growth  pine  (seed- 
ng-sapling  to  pole  size)  is  present  on  60  to  85 
srcent  of  total  area  in  different  watersneds. 
scattering  of  white  spruce,  birch,  aspen,  and 
jveral  deciduous  shrub  species  occur  mainly 
ong  channels.  A  variety  of  forbs  and  grasses 
-e  present,  but  production  is  relatively  low 
ver  much  of  the  area  due,  at  least  in  part,  to 
le  relatively  dense  forest  canopy. 

Runoff  to  the  drainage  channels  is  pri- 
larily  subsurface  through  the  shallow  and 
ighly  porous  mantle.  Infiltration  capacity  is 
ildom  exceeded  by  local  rainfall  intensities, 
ittle  evidence  of  overland  runoff  is  visible, 
round  water  levels  and  streamflow  stages  re- 
pond  quickly  to  spring  and  early  summer 
recipitation  and  recede  rapidly  to  low  base 
ow  levels. 

Streamflow  is  continuously  recorded  at  the 
louth  of  each  watershed  and  precipitation  is 
teasured  in  a  network  of  seven  gages  in  the 
iree  watersheds  combined.  Annual  precipita- 
on  has  averaged  29.5  inches  on  all  three 
atersheds  through  water  year  1968. 


Concepts  and  Methods 

Horton  (1945)  proposed  the  theory  that 
rainage  basins  develop  in  an  orderly  manner 
ccording  to  certain  "laws"  of  drainage  compo- 
.tion.  These  laws  are  expressed  quantitatively 
y  relating  the  proportionality  of  number  of 
:reams,  stream  lengths,  and  slopes  to  "stream 
rder"  (see  section  on  Definitions  and  Deriva- 
ons).  Morphometry  of  the  three  Sturgis  water- 
neds  is  interpreted  on  the  basis  of  the  steady 
•  ate  theory  advocated  by  Strahler  (1964)  and 
jack  (1960),  an  extension  of  Morton's  theory, 
ccording  to  this  theory,  steady  state  is  reached 
w  continual  adjustment  of  input  (mainly  pre- 
pitation)  and  output  (flow  and  debris)  until 
characteristic  topographic  form  develops 
hich  is  quasi-time-independent.  Continual  re- 
adjustment of  surface  geometry  must  occur  as 
ie  relief  lowers,  but  takes  place  at  an  imper- 
>ptibly  slow  rate,  barring  catastrophic  events. 

Scheidegger  and  Langbein  (1966)  present 
irther  logical  elaboration  of  this  theory,  ac- 
)rding  to  which  an  "ensemble"  (which  could 
3  a  group  of  watersheds  on  a  single  parent 
»ck  type)  contains  samples  of  the  changes  that 
:cur  on  a  single  watershed  in  time.  It  follows, 
ten,  that  variation  in  space  can  be  substituted 
fr  variation  in  time,  and  the  rationale  for 
bailed  comparison  of  individual  watersheds 
|  the  following   analyses   is   established.  Dif- 


ferences between  watersheds  are  then  inter- 
preted as  more  likely  real  than  due  to  sampling 
or  measurement  error.  These  principles  lead  to 
a  corollary  theory  that  watershed  form  elements 
which  evolve  under  the  influence  of  dynamic 
processes  should  be  consistently  related  to 
quantitative  resultants  of  the  processes. 

The  common  expression  of  water  yields 
and  peaks  (both  are  resultants  of  dynamic 
processes)  on  a  per  unit  area  basis  (inches  or 
acre-feet  per  square  mile  for  yield  and  cubic 
feet  per  second  per  square  mile  (CSM)  for 
peaks,  as  examples)  is  tacit  admission  of  gross 
area  control  of  output.  It  may  at  the  same  time 
betaken  as  indirect  assertion  that,  input  factors 
being  the  same,  output  should  be  strictly  pro- 
portional to  area.  This  is  seldom  the  case,  how- 
ever. In  a  humid  climate,  for  example,  unit  area 
yields  tend  to  increase  with  area  of  small  water- 
sheds (Ogrosky  and  Mockus  1964).  This  ob- 
servation is  in  agreement,  at  least  directionally, 
with  similitude  concepts,  which  suggest  that 
unit  area  depth  of  yield  must  increase  in  the 
same  proportion  as  increase  in  square  root  of 
total  watershed  area. 

Morphometric  Measurement 

A  1:24,000  U.S.  Geological  Survey  Topo- 
graphic map  was  enlarged  to  a  scale  of  1:3,600 
for  morphometric  measurements.  Streams  were 
then  systematically  assigned  to  "orders."  The 
smallest  unbranched  tributaries  were  designated 
first  order,  second  order  channel  segments  are 
formed  by  the  union  of  two  first  order  channel 
segments,  and  so  forth,  for  successively  higher 
orders  (Strahler  1952).  Form  elements  of  the 
drainage  net  were  then  systematically  measured 
with  chartometer  and  planimeter;  questionable 
interpretations  were  field  checked  and  corrected 
as  necessary.  Three  main  groups  of  elements 
measured  were:  (1)  length  aspects  of  the  water- 
shed and  the  channel  system,  such  as  stream 
lengths,  watershed  perimeters,  and  watershed 
lengths;  (2)  area  aspects  of  watersheds  including 
basin  areas,  basin  shapes,  drainage  density,  and 
channel  frequency;  and  (3)  relief  aspects  of  the 
surface  such  as  channel  gradient,  ground  slope, 
relief,  and  longitudinal  profile.  These  elements 
are  derived  mainly  from  Horton's  (1945)  pioneer- 
ing work  and  from  the  later  contributions  of 
Strahler  (1958,  1964)  and  his  colleagues. 


Dimensional  Analysis  and  Geometric  Similarity 

Concepts.  —  Dimensional  expression  and  tbe 
application  of  simple  principles  of  geometric 
similarity  provide  a  useful  means  of  analyzing 


and  comparing  form  and  mechanical  aspects  of 
drainage  basins  not  to  be  found  in  probability 
statistics  —  particularly  when  the  number  of 
sampled  watersheds  is  small. 

In  the  present  case,  three  small  contiguous 
watersheds  are  studied  and  compared  in  detail. 
For  the  most  part,  data  are  considered  as 
whole-population  statistics,  subject  only  to 
measurement  error.  In  this  context,  both  the 
concept  and  application  of  morphometric  anal- 
ysis differs  somewhat  from  the  more  usual  ap- 
proach which  involves  statistical  inference. 

Two  watersheds  are  said  to  be  geometrically 
similar  when  all  corresponding  linear  elements 
of  the  two  watersheds  are  in  the  same  scale 
ratio  (the  same  proportions)  and  when  all  cor- 
responding angles  and  other  dimensionless  ele- 
ments of  the  two  systems  have  identical  values 
(Strahler  1964).  Scale  ratios  derived  from  average 
values  have  ordinarily  been  used  in  regional 
analyses.  This  approach  has  not  apparently 
posed  serious  difficulties  on  such  large  scale 
because  (1)  a  large  enough  number  of  water- 
sheds are  ordinarily  included  to  minimize  change 
of  bias  due  to  heterogeneous  variances,  and  (2) 
master  watersheds  are  within  a  narrow  enough 
size  range  to  mitigate  the  effect  of  size  differ- 
ences on  scale  comparisons  of  within-watershed 
elements.  However,  in  our  more  restricted  situ- 
ation —  small  number  and  relatively  small  area 
of  watersheds  on  a  single  geologic  type  —  use 
of  averages  may  have  a  different  connotation. 
For  example,  in  a  strict  prototype/scale  model 
situation,  the  dimensions  of  first  order  basins 
in  the  larger  prototype  watershed  should  be 
proportionately  larger  than  the  corresponding 
dimensions  of  first  order  basins  in  a  smaller, 
model  watershed.  In  the  real  world,  at  least  on 
the  small  scale  we  are  presently  considering, 
this  is  not  a  sound  assumption.  For  example, 
on  the  same  lithology  under  the  same  climate, 
the  average  of  first  order  basin  areas  in  simi- 
larly oriented  watersheds  would  be  expected 
to  be  about  the  same  regardless  of  the  size  or 
order  of  the  "master"  or  highest  order  water- 
shed. (The  same  principle  could  apply  also  to 
higher  orders.)  On  this  basis  it  is  theorized  that 
sum  total  of  first  order  basin  areas  may  be  as 
meaningful  or  more  meaningful  morphologically 
and  hydrologically  than  average  area. 

Analytical  Procedures.  —  All  measured  geo- 
metric elements  (length,  area,  and  volume)  were 
reduced  to  root  length  dimensions  (L)  and  di- 
mensionless numbers  (angles  and  ratios).  Lin- 
ear scale  ratios  (conceptually  the  same  as 


Ratio   value  of  the  larger  to  the  smaller  basin  is 
specijied. 


map   scale)    were   calculated  and  used  to  co 
pare  dimensions  by  size.  That  is,  if  two  basi 
are  geometrically  similar,  corresponding  len| 
dimensions  will  all  be  in  the  same  proporti 
—   in  other  words,  measures  of  correspondi 
dimensions  of  length  (L),  reciprocal  of  the  }, 
verse  of  length    (L_1),   square   root   of  lend 
squared  (L      =  area),  and  cube  rootoflenjj 
cubed    (L  3   =  volume)  will  all  have  the  sa  i 
ratio.  Dimensionless  numbers  are  used  to  cc| 
pare  form   independent   of  size.    Furthermo  I 
dimensionless   properties   such   as   angles   a| 
slope  gradients  of  corresponding  parts  will  I 
equal.  In  nature,  identical  form  values  obvio  i 
ly   cannot  be   expected,  but  close  approxinj! 
tions,  if  existent,  will  be  evident. 

In  analyzing  hydrologic  implications,  it  \l 
theorized    that    those    morphometric   eleme  i 
which  scale  most  nearly  the  same  as  volu  i 
of  annual  water  yield,  for  example,  should 
primary  controls  of  or  related  to  volume  yi(  I 
The  study  watersheds   have  all  received  pit; 
tically  the   same   "depths"  of  precipitation  i 
put   each    year.    This    is   the  entry   point  j' 
systems  in  which  component  elements  influe  t 
the  distribution  or  routing  of  input,  and  cor  I 
quently  control  or  influence  the  volume  outij; 
in  some  way.  In  this  process  we  have  assur|l 
that  basin  characteristics  other  than  geomt 
are  essentially   similar,   or   are   themselves 
lated  to  geometry  in  some  consistent  and  i: 
ical  manner.  Subsequent  analyses  will  be  airi 
at  identification  and  explanation  of  signific 
interactions  which   could   involve   a  varietj 
other  factors  including  input  (precipitation    i 
other   external    atmospheric   variables),   fo 
and   other  plant   cover,   and  soil  and  bedn 

Throughout  the  following  discussion,  s< 
ratios  are  presented  as  WS1/WS2,  WS3/V 
and  WS1/WS3  (WS  =  watershed),  in  line  \ 
the  previously  stated  large  area/small  < 
( prototype/model )  specification. 

Results 


Watershed  Areas  and  Yields 

The  study  watersheds  differ  (are  uniq 
first  of  all,  in  terms  of  gross  area  (tabk 
Total  annual  water  yields  (volume),  as 
pected,  rank  in  the  same  order. 

In  comparing  WS1/WS3,  scale  ratios  ol 
yields  are  very  nearly  the  same  as  scale  r; 
of  areas  of  both  the  average  and  sum  total 
first  order  basins  and  also  master  orders  (t 
2),  and  are  consistent  year  to  year.  Howe 
in  the  two  other  comparisons,  (WS1/WS2 
WS3/WS2),  the  scale  ratios  of  gross  vol 
yield  are  smaller  than  the  scale  ratios  of 


Table  1. — Annual  precipitation  and  water  yield,  Sturgis  watershed 
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WS1 

(217  acres) 

WS2 

(89  acres 

) 

WS3 

(190  acres 

) 

fear 

Precipi- 

Precipi- 

Precipi- 

tation 

Yie 

Id 

tation 

Yie 

Id 

tation 

Yielc 

Acre- 

Acre- 

Acre- 

Inches 

feet 

Inches 

Inches 

feet 

Inches 

Inches 

feet 

Inches 

1964 

31.5 

118.08 

6.54 

32.4 

53.47 

7.21 

31.8 

100.07 

6.26 

1965 

34.8 

232.37 

12.85 

34.3 

100.35 

13.53 

34.7 

189.05 

11.88 

1966 

24.8 

69.44 

3.84 

24.0 

29.82 

4.02 

24.4 

52.57 

3.32 

1967 

32.4 

258.23 

14.28 

31.8 

107.77 

14.53 

32.3 

195.70 

12.36 

L968 

24.5 

35.26 

1.95 

24.1 

17.06 

2.31 

24.6 

28.18 

1.78 

Average  29.60    *  142. 68 
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29.32 


^l.yo 


8.32 


29.56 


113.11 


7.12 


Used  in  illustration  of  scale  ratio  in  footnote  2,  table  2. 


Table  2. — Watershed  areas  (horizontal  projection),  and  scale  ratios  (A)  of  watershed  areas,  water 
yields,  and  stormflow  peaks  (average  of  21  events),  water  years  1964-68 


;ds 

Area 

Scale  ratios,  X 

Watershf 

First  order  Master 
average     order 

Watersheds 

First  order 
average 

Area 
First  order 
total 

Master 
order 

Average 
yield2 

Peak 
flow3 

-  -  -  -  Acres  -  -  - 

WS1 

2.84       217 

WS1/WS2 

1.01 

1.69 

1.56 

1.31 

1.29 

WS2 

2.80        89 

WS3/WS2 

.97 

1.63 

1.46 

1.22 

1.28 

WS3 

2.71       190 

WS1/WS3 

1.05 

1.04 

1.07 

1.08 

1.01 

For  example, 


For  example, 


'2.84 


2.80 

3  /142.68 
V  61.70 


1.01 


1.31   (data  from  table  1) 


»/ 


/£|S.  =  1>29 
cf  s 


otal  areas  of  first  order  basins  and  areas  of  the 
naster  orders  (total  watershed).  In  otherwords, 
VS1  and  WS3  both  yield  somewhat  less  water 
or  their  size  than  WS2.  Order  one  average 
reas  are  so  nearly  the  same  (near  1:1  scale)  in 
11  three  comparisons  that  it  does  not  appear 
hey  could  have  a  significant  independent  in- 
luence  on  yield. 

The  difference  in  yields  from  WS1  and  WS3 
ompared  with  WS2  is  also  evident  in  terms  of 
init  area  yields  (inches)  (table  1)  which  are 
insistently  and  significantly  (P<.05)  less  from 
ioth  WS1  and  WS3.  This  is  a  contradiction  of 
he  previously  cited  statement  of  theory  that 
pater  yield  per  unit  area  increases  with  increas- 
hg  watershed  area.  The  WS1/WS3  comparison 
s  borderline  significance.  (.1<P<  .05). 


Average  stormflow  peaks  as  well  as  annual 
yields  rank  in  the  same  order  as  entire  water- 
shed (master  order)  areas,  and  also  scale  very 
nearly  the  same  as  annual  yields  (table  2).  W'Sl 
and  VVS3  peaks  scale  to  WS2  in  almost  exactly 
the  same  ratio.  Consequently  the  W'Sl  WS3 
scale  ratio  is  almost  exactly  1:1.  and  the  scale' 
ratios  are  different  than  for  area. 

The  different  area  and  yield  scale  ratios  in 
both  the  WS1/WS2  and  WS3  WS2  comparisons 
definitely  suggest  that  other  elements  besides 
area  also  influence  or  at  least  partially  control 
the  volume  yields  and  peak  flows.  On  the  other 
hand,  the  nearly  1:1  scale  ratios  in  the  WS1 
WS3  comparison  still  suggest  primary  area  con- 
trol. Now  the  main  questions  are  "What  ele- 
ments,   if   any,  scale  more  nearly  the  same  as 


yield  and  peak  flows  than  do  areas  in  the  WS1/ 
WS2  and  WS3/WS2  comparisons?",  and  "Are 
ratios  of  other  elements  consistent  with  the 
similitude  indicated  by  closeness  of  the  area 
and  yield  scale  ratios  in  WS1  versus  WS3?" 
Similar  questions  are  pertinent  regarding  con- 
stancy of  nondimensional  elements. 

Linear  Aspects  of  Drainage  Basin 
and  Channel  System 

Dimensional  Elements.  — In  terms  of  linear 
elements  listed  in  table  3,  WS1  and  WS3  scale 
about  the  same  as  they  do  in  terms  of  area  and 
yield,  including  order  one  average,  order  one 
total,  and  master  order  (total  watershed)  —with 
one  outstanding  exception:  the  trunk  channel 
mesh  length,  master  order.  WS3,  though  smaller 
in  area,  is  larger  than  WS1  in  terms  of  master 
channel  trunk  length  but  smaller  in  terms  of 
water  yield. 

Order  one  elements  are  included  in  the 
preceding  section  and  in  tables  2  and  3  because 
of  evidence  that  the  character  of  entire  water- 
sheds of  hierarchy  greater  than  order  one  is  in 
real  sense  controlled  by  or  is  related  to  charac- 
ter of  contained  first  order  basins  (Morisawa 
1962).  Except  for  master  channel  mesh  length, 
the  consistency  of  tabulated  scale  ratios  in  the 
WS1/WS3  comparison  thus  far  supports  this 
contention. 

However,  little  consistency  is  apparent  in 
either  the  WS1/WS2  or  WS3/WS2  ratios,  nor 
are  both  of  any  pair  of  ratios  in  table  3  con- 
sistent with  yield  ratios  except  for  maximum 
basin  length.  On  the  other  hand,  the  near  1:1 
ratios    of    order    one    averages   again   indicate 


relatively  close  similarity  of  order  one  basil 
among  watersheds.  Hence,  planimetric  pan 
meters  of  order  one  averages  cannot  possib 
explain  differences  in  yield  scale.  However,  it 
terms  of  sum  total  area  of  order  one,  WS1  art' 
WS3  are  even  larger  in  relation  to  WS2  th<  i 
they  are  in  terms  of  area  of  master  order  (tab 
2).  This  scale  difference  is  also  obvious  in  ord 
one  sum-total-area  proportion  of  master  ordii 
areas  which  are  55,  47,  and  59  percent  for  WS 
WS2,  and  WS3,  respectively.  All  other  arn 
(interbasin  area)  drains  directly  into  secoi: 
or  higher  order  channels  where  conveyanu:] 
loss  very  likely  is  less. 

The  almost  exact  correspondence  of  til 
scale  ratios  of  maximum  length  of  the  mast 
watersheds  with  yield  and  peak  flow  scale  rati; 
is  accepted  as  evidence  that  maximum  leng 
is  a  primary  control  element  in  both  yield  a'.il 
peak  flow.  The  other  listed  elements,  includi  i 
area,  are  seemingly  less  effective. 


Dimensionless  Elements.— The  weight 
mean  bifurcation  ratios  of  WS1,  WS2,  and  WJ1 
respectively,  are  3.43.  4.64,  and  5.15.  The  valli 
of  3.43  means  that,  on  the  average,  there  sa 
3.43  times  more  channels  of  any  given  oroi 
than  of  the  next  higher  order.  According  £ 
Strahler  (1964)  bifurcation  ratios  between  3  a i 
5  are  characteristics  of  basins  not  having  d  i 
torted  geologic  structure.  The  borderline  vail 
for  WS3  suggests  possible  structural  distorti  % 
which  may  account  for  certain  scale  distortioif 
The  above  values  in  general  are  similar  to  or  I 
reported  by  Melton  (1957)  for  basins  of  simiil 
lithology  in  New  Mexico,  Arizona,  Utah,  ai 
Colorado. 


Table   3. — Average   values    (L)    and   scale   ratios    (A)    of  horizontal    linear  elements   of   drainage   basil 

and    their    channel   systems 


Trunk 

channel 

Maximum 

basin 

Maximum 

basin 

Basin 

(mesh 

ler 

Rth) 

length 

(ML) 

width 

(MW) 

perimeter 
First  order 

(P) 

Mast 

Watersheds 

First  ore 

er 

Master 

First  order  Master   F 

irst  order  Master 

average 

order 

average 

order 

average 

order 

average 

ore ; 

WS1 

574 

4,926 

625 

4,665 

2  76 

2,775 

1,486 

13,;- 

WS2 

482 

3,435 

639 

3,562 

295 

1,545 

1,583 

8»" 

WS3 

524 

6,450 

599 

4,230 

282 

2,370 

1,453 

14,: 

WS1/WS2 

1.19 

1.43 

0.98 

1.31      0.94 

1.80 

0.97 

1 

WS3/WS2 

1.09 

1.88 

.94 

1.19 

.96 

1.53 

.94 

1 

WS1/WS3 

1.10 

.76 

1.04 

1.10 

.98 

1.17 

1.02 

1 

Generally  speaking,  axil  angles,  the  upper 
igle  of  entry  of  a  channel  into  a  channel  of 
ext  higher  order,  are  similar  in  all  three  water- 
reds.  For  order  one  entry  into  order  two,  the 
irerage  angles  are  50,  52,  and  52  degrees  re- 
jectively  for  WS1,  WS2,  and  WS3.  These  acute 
Tgles  are  to  be  expected,  considering  the  rela- 
ve  steepness  of  the  watersheds.  Entry  tends 
lore  toward  right  angles  on  gentler  slopes  and 
)ward  even  more  acute  angles  on  steeper 
opes. 

Basin  Azimuth.— The  azimuth  of  basin  di- 
neter  (downstream  direction)  for  all  orders, 
nd  associated  average  ground  slopes  were 
lotted  on  polar  coordinate  paper.  These 
lottings  showed  that  the  majority  of  compo- 
ent  basins  in  all  three  watersheds  face  north. 
TS3  has  the  most  distinctive  pattern  of  azimuth 
ersus  slope  distribution.  No  basins  face  south 
)  west,  a  concentration  of  the  steeper  slopes 
ice  east,  and  concentrations  of  the  gentler 
opes  face  northeast  and  northwest.  WS2  has 
o  basins  facing  southeast  to  west.  WS1  has  the 
iost  even  distribution  in  full  azimuth,  but  here 
»o  the  heaviest  concentration  faces  generally 
orth. 

rea  Aspects  of  Drainage  Basins 

Dimensional  Elements.— Gross  areas  and 
ie  area  scale  ratios  have  already  been  pre- 
[:nted  in  table  2.  Other  well-known  area  aspects 
[  drainage  basins  are  drainage  density  (miles 
i  channel  per  square  mile  of  area,  dimension- 
ly  equal  to  L  "'  ),  the  constant  of  channel 
aintenance  (square  feet  of  watershed  area  per 
ot  of  channel  length,  dimensionally  equal  to 


L,  and  the  inverse  of  drainage  density),  and 
channel  segment  frequency  (number  per  square 
mile,  dimensionally  equal  to  L  !  ).  Computed 
values  and  scale  ratios  are  shown  in  table  4. 
Again  the  WS1/WS3  scale  ratios  are  the  most 
consistent  with  scale  ratios  already  presented 
(yield,  area,  and  linear  dimensions),  but  still 
there  is  enough  discrepancy  to  suggest  dis- 
tortion. WS1  has  slightly  less  length  of  channel 
per  unit  of  watershed  area  (or  more  area  per 
unit  of  channel  length)  than  WS3,  and  slightly 
less  than  indicated  by  area  and  yield  scale 
ratios.  Channel  segment  frequency  is  almost 
exactly  the  same  on  the  two  watersheds  which 
also  indicates  distortion.  WS1  would  have  to 
have  fewer  channel  segments  per  unit  area  for 
the  scale  ratios  to  be  consistent  with  those  for 
area  and  yield,  or  conversely,  WS3  would  have 
to  have  a  greater  number  of  channel  segments 
per  unit  of  area. 

It  is  again  in  the  scale  ratios  involving  com 
parison  of  WS2  with  WS1  and  WS3  that  distor- 
tions from  both  volume  yield  and  area  ratios 
are  most  pronounced.  The  near  1:1  or  smaller 
scale  ratios  in  the  WS1/WS2  comparison  indi- 
cate that  WS2  has  about  the  same  or  just 
slightly  fewer  miles  of  channel  per  square 
mile  of  area  than  WS1  (drainage  density), about 
the  same  or  slightly  more  area  per  foot  length 
of  channel  (constant  of  channel  maintenance), 
and  about  the  same  to  a  slightly  smaller 
number  of  channel  segments  per  square  mile 
of  area  (channel  segment  frequency).  The  same 
contrasts  are  present  in  comparing  WS3  with 
WS2,  except  that  they  are  even  more  pro- 
nounced. Thus,  WS2  draining  the  smallest  area 
has  a  less  finely  dissected  drainage  network 
than  either  of  the  larger  watersheds. 


Table  4. — Area  elements  of  the  watersheds  and  their  scale  ratios  (A) 


iatersheds 

Drainage 

den 

3ity 

Constant  of  channel 
maintenance 

Channel  segment 
frequency 

First  order1 

Master  order 

First  order 

Master  order 

First  order 

Master  order 

Mi/sq 

mi 

Sq_ 

ft/ft 

No/sq  mi 

WS1 

13.21 

13.41 

400 

394 

225 

174 

WS2 

13.38 

13.09 

395 

403 

229 

137 

WS3 

14.91 

14.98 

354 

352 

236 

175 

WS1/WS2 

1.01 

0.98 

1.01 

0.98 

1.01 

0.89 

WS3/WS2 

.90 

.87 

.90 

.87 

.98 

.88 

WS1/WS3 

1.13 

1.12 

1.13 

1.12 

1.02 

1.00 

First  order  values  computed  from  totals  of  first  order  areas  and  channel  lengths  rather 
than  from  averages. 


Dimensionless  Elements  (Shape).— Several 

of  the  most  commonly  used  shape  elements  are 
presented  in  table  5.  The  "lemniscate"  is  per- 
haps the  most  realistic  because  its  somewhat 
"pear"  or  "teardrop"  shape  more  frequently 
approximates  real  watershed  shapes  than  other 
measures  such  as  the  circle  (Chorley  et  al. 
1957).  However,  some  common  attributes  are 
apparent. 

The  length  and  area  of  a  watershed  are 
combined  to  calculate  the  "lemniscate  constant" 
which  defines  basic  length/width  proportions 
of  a  perfect  lemniscate  having  the  same  area 
and  same  length  as  the  watershed  (see  section 
on  Definitions  and  Derivations). 

The  larger  the  constant  the  more  elongate 
the  outline.  A  value  of  unity  indicates  a  circle. 
The  lemniscate  ratio  then  indicates  how  closely 
the  actual  watershed  shape  approaches  the 
perfect  lemniscate.  A  ratio  of  unity  would  in- 
dicate perfect  correspondence. 

As  shown  in  table  5,  the  order  one  con- 
stants indicate  relatively  elongated  lemniscates, 
and  the  ratios  indicate  relatively  close  approach 
to  the  perfect  lemniscate  shape  in  all  three 
watersheds.  In  master  order  (entire  water- 
sheds), the  constants  indicate  a  more  rotund 
shape  for  WS1  and  WS3  but  still  a  fairly  elon- 
gate shape  for  WS2.  The  WS2  lemniscate  ratio 
indicates  closest  correspondence  with  the  per- 
fect siiape.  More  discrepancy  is  present  in  the 
other  watersheds  —  particularly  WS3.  Shape 
distortion  of  WS3  is  clearly  visible  in  figure  2. 

A  general  consistency  of  individual  order 
one  shape  elements  among  watersheds  further 
strengthens  the  evidence  of  their  similarity. 

The  most  outstanding  and  consistent 
feature    of    master    watersheds   is   the   greater 


relative  elongation  of  WS2  than  the  othe 
watersheds.  The  marked  exceptions  invohv 
WS3,  which  most  poorly  fits  the  lemniscal 
shape  as  indicated  by  the  constants.  WS3  is  als 
least  circular  and  most  elongate  when  mastt 
channel  mesh  length  is  used  in  place  of  max 
mum  basin  length.  The  shape  elements  als 
support  the  possibility  of  geologic  distortic 
of  WS3  (perhaps  through  difference  in  jointir 
of  igneous  mass)  as  interpreted  from  the  highi 
bifurcation  ratios  pointed  out  previously. 

Relief  Aspects  of  Drainage  Basins 

Relief  is  of  fundamental  importance  becau.' 
of  its  critical  role  in  watershed  dynamics  ■ 
particularly  in  velocity  and  the  resulting  erol 
ing  power  of  flowing  water.  The  concept 
relief  is  easily  visualized  and  understood,  bi 
measurement  and  expression  of  the  relief  i 
complex  watershed  forms  in  terms  that  can 
related  to  hydraulic  or  hydrologic  performam: 
is  problematical.  Depending  on  intended  uuj 
relief  is  expressed  either  in  terms  of  absoh; 
vertical  rise  (dimensionally  equal  to  L) 
vertical  rise  per  unit  of  some  horizontal  leng; 
dimension  (a  dimensionless  ratio). 


) 


i 


:  n 


Dimensional.— Relief  of  geometrically  sin.] 
lar  watersheds  should  be  in  the  same  prop*  ] 
tions  as  horizontal  linear  elements.  Relief  ci 
be  expressed  in  many  ways,  ranging  from  m; : 
imum  basin  relief  to  rise  along  the  trir, 
channel  from  the  watershed  mouth  tothewati 
shed  divide.  The  latter  property  may  not 
appropriate  for  oddly  shaped  basins  or  bas:r( 
with  the  highest  point  at  some  place  otl 
than    the    point   farthest   removed     along 


Table  5. — Dimensionless  area  elements  (shape)  of  the  study  watersheds 


Dimensionless  area  elements 


Watershed  1 


Watershed  2 


First 
order 


Master 
order 


First 
order 


Master 
order 


Watershed 
First    Mas 
order    ord 


Leminscate  constant 

Leminscate  ratio 

Elongation  ratio,  using  average — 

Maximum  length  and  area 

Trunk  channel  mesh  length  and  area 
Circularity  ratio 
Maximum  length/maximum  width,  using 

averages 
Area/maximum  length  squared,  using 

averages 


2.48 

1.81 

.97 

.85 

.64 

.74 

.69 

.70 

.70 

.63 

2.26 

1.68 

.32 

.43 

2.63 

'2.57 

.95 

.93 

.62 

1    .62 

.82 

.65 

.65 

.63 

2.17 

4.31 

.30 

1    .31 

2.39 
.96 

.65 
.74 
.70 

2.12 

.33 


Most  elongate,  master  order. 
2Poorest  fit,  master  order. 
3Least  elongate,  first  order. 

Least  circular,  master  order. 


Table    6. — Dimensional   aspects   of   basin   relief 


Rise  along 

(mesh 

trunk  channel 
length) 

Rise  along  maximum  basin 
length  (ML) 

Rise  from  lowest 
basin  perimeter 
basin  relief 

point  on 
(maximum 
,  H) 

itersheds 

First  order 
average 

Master 
order 

First  order       Master 
average          order 

First  order 
average 

Master 
order 

WS1 

189 

535 

207           539 

217 

710 

WS2 

145 

521 

174            573 

180 

580 

WS3 

165 

555 

191            508 

200 

623 

JS1/WS2 

1.30 

1.03 

1.19           0.94 

1.20 

1.22 

4S3/WS2 

1.14 

1.07 

1.10            .89 

1.11 

1.07 

4S1/WS3 

1.14 

.96 

1.08           1.06 

1.08 

1.14 

ainage  line  from  the  mouth.  Values  and  scale 
tios  of  three  measures  of  relief  in  the  Sturgis 
itershed  are  presented  in  table  6. 

The  foregoing  general  consistency  of  WS1/ 
S3  linear  scale  is  preserved  in  both  first  order 
erages  and  in  master  order.  However,  in- 
basing  distortions  are  evident  in  the  WS1/ 
S2  and  WS3/WS2  comparisons.  For  example, 
e  ratios  of  order  one  averages  in  all  classes 

elements  thus  far  considered  have  indicated 
latively  close  similarity  of  order  one  basins 
bong  the  three  watersheds.  Now,  in  the  case 

relief,  there  is  strong  suggestion  of  scale 
\lios  consistently  greater  than  unity.  In  fact, 
e  ratios  approach  the  yield  scale  ratios.  Con- 
Tsely,  the  master  order  scale  ratios  are  nearer 


Dimensionless.— Three  primary  relief  prop- 
erties are  measured  in  dimensionless  terms  — 
channels,  valley  side  slopes,  and  interrelations 
of  these  two  which  reduce  basically  to  area- 
mean-slopes.  Typical  values  are  presented  in 
table  7. 

First  order  channels  average  a  slightly 
gentler  gradient  in  WS2  than  in  WS1  or  WS3; 
WS3  is  second,  and  WS1  first  order  gradients 
are  steepest.  Average  ground  slopes  of  first 
order  basins  occur  in  the  same  sequence  and 
have  practically  the  same  values.  Slope  ratio, 
which  combines  these  two  factors,  indicates 
slightly  steeper  average  channel  gradient  than 
ground  slope  in  WS2.  The  difference  probably 
is  not  significant,  however,  and  the  ratio  is 
probably  not  significantly  different  from  those 


Table  7. — Dimensionless  relief  properties  of  the  Sturgis  watershed 


Watershed  1 


Watershed  2 


Watershed  3 


Dimensionless  relief  properties 


First   Master   First   Master   First   Master 
order   order    order   order    order   order 


runk.  channel  gradient  mesh  length  (percent) 

asin  maximum  length  relief  ratio 

elative  relief  (basin  ML  relief  +   perimeter) 

alley  side  slope  (percent) 

verage  ground  slope  (percent) 

(lope  ratio  (channel  gradient,  mesh 
length  -s-  average  ground  slope) 

uggedness  number  (DD  x  MH  *■  5280) 


32.9 

10.9 

30.0 

15.2 

31.5 

8.6 

.33 

.12 

.27 

.16 

.32 

.12 

.14 

.039 

.11 

.065 

.13 

.036 

42.2 

53.2 

40.6 

50.1 

38.9 

42.7 

33.6 

37.8 

29.3 

36.4 

31.7 

34.3 

.98 

.29 

1.02 

.42 

.99 

.25 

.62 

1.80 

.49 

1.44 

.68 

1.78 

for  WS1  or  WS3,  which  are  practically  identical 
in  the  first  order. 

An  opposite  trend  is  apparent  in  master 
order  trunk  channel  gradient  (mesh  length). 
WS2  is  the  steepest,  which  is  reflected  in  the 
slope  ratio.  Values  of  master  order  slope  ratios 
are  also  lower  than  those  of  first  order.  This 
means  that  master  channels  become  less  steep 
downstream,  while  average  ground  slope  actu- 
ally increases.  Relative  change  is  less  in  WS2 
than  in  WS1  or  WS3.  Hence,  the  slope  ratio 
is  highest  in  WS2.  "Ruggedness  numbers"  in- 
dicate a  similar  trend.  Where  there  is  the  great- 
est contrast  between  channel  gradient  and  mean 
ground  slope  (lowest  slope  ratio)  ruggedness 
number  is  highest.  Thus,  WS1  and  WS3  are 
"more  rugged"  than  WS2.  It  so  happens  that, 
since  drainage  densities  remain  nearly  the  same 
with  increasing  order,  ruggedness  is  in  the 
same  order  as  maximum  relief,  and  indicates 
increasing  slope  steepness  downstream  in  all 
three  watersheds.  Similar  relationships  are 
evident  in  valley  side  slope.  WS1  is  steepest, 
WS2  intermediate,  and  WS3  the  gentlest  sloping 
in  both  first  and  master  order.  In  all  three 
cases,  side  slopes  become  steeper  downstream 
(master  order).  Contrast  is  least  in  WS3. 

In  summary,  WS2,  which  yields  the  most 
water  per  unit  area  and  which  yields  propor- 
tionately more  than  might  be  expected  from 
area  scale  ratios,  has: 

1.  More  gently  sloping  order  one  channels 
(mesh  length). 

2.  Gentlest  average  ground  slope  in  order  one. 

3.  Steepest  master  channel  (mesh  length). 

4.  Largest  slope  ratio  (least  difference  between 
average  ground  slope  and  master  channel 
gradient)  consequently  is  least  rugged  both 
in  first  order  and  master  order. 

WS1,  on  the  other  hand,  has: 

1.  Steepest  first  order  channels. 

2.  Steepest  valley  side  slopes,  both  first  order 
and  master  order. 

3.  Slightly  steepest  average  ground  slope,  both 
first  order  and  master  order. 

WS3has: 

1.  Gentlest  master  channel  slopes. 

2.  Gentlest  valley  side  slopes,  both  first  order 
and  master  order. 

3.  Lowest  average  ground  slope  of  master 
watershed. 

Slope  distributions  (from  hypsometric  anal- 
yses) lead  to  similar  conclusions.  These 
analyses  indicated,  for  example,  that  47,  36,  and 
20  percent  of  the  areas  of  WS1,  WS2,  and  WS3, 


respectively,  have  slopes  steeper  than  40  p<|| 
cent.  The  differences  here  are  of  greater  reiB 
tive  magnitude  than  differences  in  avera.jjj 
ground  slope  of  the  master  watersheds,  thou;;! 
in  the  same  sequence. 


Hypsometric  Function 

Percentage  hypsometric  curves,  which  a| 
graphs  of  the  continuous  function  relatii 
relative  height  to  relative  area  of  the  enti 
watersheds,  are  shown  in  figure  3.  The  fir 
order— master  order  percentage  integrals  f 
WS1,  WS2,  and  WS3,  respectively,  are:  53.SS 
55.5;  57.0—54.3;  and  53.9-55.7.  These  valuii 
indicate  almost  identical  percentages  of  1 1 
reference  volumes  of  the  total  basins  remain 
ing.  Hence,  it  may  be  concluded  that  the  ovn 
all  erosion  and  degradation  process  has  be  i 
closely  similar  on  all  three  watersheds. 

Despite  the  close  similarity  indicated 
the  integrals,  there  are  differences  in  dist 
bution.  The  curves  in  figure  3  indicate,  1 
example,  that  WS1  has  approximately  72  pof 
cent  of  its  horizontal  area  above  median  eel 
vation,  compared  with  60  and  57  percent  fty 
WS2  and  WS3.  This  is  in  line  with  the  higr  s 
percentage  of  slopes  steeper  than  40  percta 
in  WS1  than  in  WS2  and  WS3,  the  steej 
average  ground  slope  of  WS1,  and  the  incre. 
ing  ruggedness  downstream. 
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Figure  3.  —  Percentage     hypsometric    curves    (ar 
elevation  distribution),  Sturgis  watersheds. 
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ingitudinal  Profiles  of  Principal  Channel 

If  the  hypsometric  integrals  and  curves 
e  accepted  as  indices  of  steady-state  drainage 
isins,  then  the  longitudinal  channel  profiles 
present  graded  streams  or  profiles  of  equilib- 
iim.  The  graded  stream  has  been  taken  to 
ean  that  the  stream  has  just  that  slope  which 
ovides  the  competency  and  capacity  to  trans- 
>rt  its  load.  In  these  adjoining  basins  where 
lief  is  similar,  WS2  with  its  shortest  stream 
ngth  (horizontal  map  projection)  has  the 
eepest  stream  gradient.  The  weighted  stream 
adients  (Taylor  and  Schwarz  1952)  as  shown 

figure  4  indicate  relatively  straight  profiles, 
^nerally  a  graded  stream  is  said  to  have  a 
nooth,  concave  longitudinal  profile,  but  con- 
vity  alone  is  not  a  reliable  index  to  equilib- 
jm.  The  straight  profiles  reflect  relatively 
"hform  rock  control  and  minor  deposition 
ong  the  channels.  Downcutting  is  negligible 

these  drainages,  and  lateral  expansion  is 
iminant. 


Discussion— Summary 

This  paper  reports  detailed  form  (morpho- 
ithc)  comparisons  of  three  small,  contiguous 
itersheds.  All  three  are  on  one  of  the  granite- 
e  early  Tertiary  intrusions  that  dot  the 
rthern  Black  Hills.  Ponderosa  pine  forest 
minates  the  entire  area.  Specification  of 
irphometric  elements  is  based  on  principles 
I  forth  by  Horton  (1945)  and  elaborated  by 
•ahler    (1958,    1964)   and   his   associates.   The 


watersheds  are  assumed  to  be  in  "steady  stale" 
(input-output  equilibrium)  which  is  quasi-time- 
independent  (Strahler  1964).  The  study  water- 
sheds and  their  component  subbasins  of  all 
orders  are  also  assumed  to  be  an  "ensemble" 
whose  variation  in  space  is  a  reflection  of 
possible  variation  in  time  on  a  single  water 
shed  (Scheidegger  and  Langbein  1966).  This 
is  the  rationale  upon  which  the  detailed  com- 
parisons of  the  watersheds  are  based. 

In  a  macroscopic  sense,  it  must  be  con- 
cluded that  the  watersheds  are  alike  since  they 
are  contiguous,  are  oriented  about  the  same, 
all  have  the  same  type  of  bedrock,  and  all  are 
subject  to  the  same  climatic  environment.  In 
the  absence  of  further  detail,  it  would  be  ap- 
propriate to  consider  water  yield,  for  example, 
only  in  terms  of  averages  for  the  ensemble. 
But  where  other  theoretically  relevant  details 
such  as  morphometric  variations  are  available 
or  are  derived,  it  is  postulated  that  they  can 
be  related  to  variations  in  hydrologic  response 
within  the  ensemble. 

The  three  study  watersheds  differ  in  gross 
area,  gross  water  yield,  and  peak  stormflows. 
Applying  concepts  of  dimensional  analysis  and 
geometric  similitude,  and  calculating  scale 
ratios,  it  is  obvious  that  the  watersheds  are 
also  geometrically  dissimilar.  Greatest  scale 
dissimilarity  (or  distortion)  is  evident  in  com 
parison  of  the  two  largest  with  the  smallest 
watershed. 

It  is  postulated  that  dimensional  elements 
having  scale  ratios  most  nearly  the  same  as 
water  yield  are  best  related  to  or  control  yield, 
despite    extreme   distortion   in   other   respects. 
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The  "most  probable"  relationships  based  on 
this  postulate  can  be  seen  in  the  graphical 
summary  of  scale  ratios  in  figure  5. 

In  the  WS1/WS2  comparison,  two  elements 
scale  almost  exactly  the  same  as  yield  —  max- 
imum length  of  the  master  basin  and  average 
relief  of  first  order  channels  (mesh  length). 
The  same  two  elements  also  scale  most  nearly 
the  same  as  yields  and  peaks  in  the  WS3/WS2 
comparison.  Other  elements  that  scale  closely 
enough  with  yield  and  peak  flows  in  both  com- 
parisons to  suggest  some  possible  but  lesser 
degree  of  control  include  average  mesh  length 
of  first  order  channels,  total  rise  along  maxi- 
mum length  of  first  order  basins,  and  maximum 
relief  of  both  first  order  and  master  basins. 

In  the  WS1/WS3  comparisons,  the  same 
elements  scale  with  yield  and  peak  flows  as  in 
the  WS1/WS2  and  WS3/WS2  comparisons  — 
plus  practically  all  of  the  other  dimensional 
elements  except  for  master  channel  mesh  length. 
In  this  respect  WS3  scales  substantially  larger 
than  WS1.  WS3  also  scales  slightly  larger  than 
WS1  in  terms  of  perimeter  of  master  order 
basin  and  master  channel  relief  (mesh  length), 
but  the  distortion  is  less  obvious.  The  similar- 
ity of  first  order  average  area  and  horizontal 
linear  characteristics  among  watersheds  is  ap- 


parent in  the  clustering  of  scale  ratios  clos< 
the  1:1  (1.0)  level  in  all  three  comparisc 
However,  there  is  a  definite  departure  from 
scale  in  first  order  relief  elements,  which  s 
gests  at  least  partial  control  of  yield  and  p 
flow. 

Average  shapes  of  first  order  basins  are  <.  > 
similar    among    all   three   master    watershi 
Moderate  to  close  similarity  is  indicated  in 
of  the  seven  computed  indices.  However,  th 
is  a  definite  difference  among  the  master  wa 
sheds.  WS2  with  its  more  regular  outline  is-  i 
most   elongate,    relatively,    but  WS3   shape 
definitely  distorted.  This  was  suggested  in 
greater  master  channel  mesh  length  and  pei 
eter  in  WS3  than  in  WS1,  and  is  confirmed: 
the  shape  indices.  There  is  nothing  particul 
distinctive    about    shape    in    WS1    except  ill 
there  is   an   apparent   tendency  for  first  oi 
basins,   as    is   also   the   case   in   both  WS2   |j 
WS3,   to   be   more   elongate    than    the  ma 
order. 

Dimensional  elements  of  maximum  ler  i 
of  master  basin  and  average  rise  from  char 
mouth  to  basin  divide  of  first  order  basins  e.: 
the  greatest  apparent  control  over  yield 
peaks.  The  combination  of  length  and  risei' 
presses    slope    gradient    as    a    dimension  i 
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Figure  5.  —  Scale  ratios  of  linear  dimensions  of  the  Sturgis  watersheds.  It  is 
postulated  that  those  elements  most  nearly  in  vertical  alinement  with  Y  and  P 
(yield  and  peak  flow  scale  ratiosjare  most  closely  associated  with  and  hence  are 
primary  controls  of  Y  and  P. 
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umber.  Computed  values  indicate  WS2  lias  the 
ost  gently  sloping  first  order  channels  but 
le  steepest  main  channel.  WS1,  on  the  other 
and,  has  the  steepest  valley  side  slopes  in 
3th  first  order  and  master  order,  and  also 
le  steepest  average  ground  slope  in  both  first 
der  and  master  order.  WS3  has  the  most 
sntly  sloping  master  channel,  valley  side 
opes  (both  first  and  master  order),  and  average 
round  slope  (master  order).  The  contrasts  in 
:lief  are  further  emphasized  in  slope  distribu- 
on  analysis,  which  indicates  that  47,  36,  and 
)  percent,  respectively,  of  the  total  areas  of 
'SI,  WS2,  and  WS3  have  slopes  steeper  than 
)  percent. 

Indications  are  that,  within  the  restricted 
■ope  of  this  study  --  on  one  rock  type,  and 
rider  spatially  uniform  climate  -  -  maximum 
ngth  of  master  watershed  and  relief  of  the 
mtained  first  order  basins  are  more  meaning- 
il  indicators  of  relative  yield  and  stormflow 
paks  than  is  gross  area.  WS2,  the  smallest  area 
:  the  three,  is  relatively  the  most  elongate 
id  has  the  most  gently  sloping  first  order 
lannels  linked  to  the  steepest  master  channel. 
S2  also  has  the  smallest  percentage  of  total 
ea  in  the  first  order  basins,  which  means 
at  a  larger  percentage  of  total  area 
nterbasin)  drains  directly  into  second  or  higher 
|-der  channels,  on  or  near  bedrock,  where 
flannel  transmission  loss  should  be  minimum. 
Ihis  may  be  one  of  the  important  reasons  why 
fS2  has  a  higher  relative  yield  than  either  WS1 
|  WS3. 

This  study  has  produced  some  insights  re- 
ading   the   relative   importance   of  a   variety 

morphometric  elements  to  volume  of  water 
eld  and  storm  peak  discharges.  Interpreta- 
pns  need  to  be  further  tested  by  extension  to 
her  watersheds  of  the  same  geologic  type  and 
i  to  other  geologic  types.  Concurrent  studies 
e  needed  on  the  influences  and  interactions 

other  factors,  especially  soil  and  rock  mantle 
laracteristics  and  their  distribution. 
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Definitions  and  Derivations 


Stream   or  channel:  (used  interchangeably)  — 

drainageway. 
Stream  order:  Level  of  succession  in  joining  of 
tributaries  within  a  drainage  network. 
Strahler's  (1952)  method  designates  the 
smallest  unbranched  tributaries  as  first 
order.  Confluence  of  two  streams  of  the 
same  order  forms  a  stream  of  next  higher 
order. 

Trunk  stream:  Extension  of  channel  of  any 
order  in  an  upstream  direction  through  the 
hierarchy  to  and  including  first  order.  Ex- 
tension is  based  on  rules  established  by 
Horton  (1945)  as  follows:  (a)  starting  below 
any  junction,  a  straight  line  is  extended  up- 
stream through  the  bifurcation;  (b)  the 
stream  joining  at  the  lesser  angle  is  desig- 
nated the  trunk  stream;  (c)  if  junction 
angles  are  about  the  same,  the  longer  stream 
is  taken  as  the  trunk  stream  or  trunk 
channel. 

Stream  segment:  Any  complete  single  stretch 
of  stream  or  channel  of  any  given  order. 
A  first  order  stream  or  channel  segment 
terminates  where  an  incised  channel  is  no 
longer  visible. 

Mesh  length:  Straight  line  extension  of  stream 
length   to  the  basin  divide  (dimension  L). 

Master  watershed:  Entire  watershed  (complete 
hierarchy). 

Master  channel:  Trunk  channel  of  the  master 
watershed. 

Maximum  basin  length  (ML):  Horizontal 
straight-line  distance  from  watershed  mouth 
to  most  distant  point  on  the  watershed 
divide  (dimension  L). 

Maximum  basin  width  (MW):  Maximum  width 
normal  to  ML  (dimension  L). 

Basin  diameter:  Horizontal  straight-line  distance 
from    basin    mouth    approximately   parallel 
(in  line)  with  master  channel  to  watershed 
divide.    Criteria    given   by   Maxwell    (1960) 
aid  in  reproducibility  (dimension  L). 

Basin  perimeter:  Horizontal  distance  around  the 
periphery  (dimension  L). 

Bifurcation  ratio:  Ratio  of  the  number  (N)  of 
basins  of  order  u  to  number  of  streams  of 
next  higher  order  (dimensionless). 

Basin  azimuth:  Degrees  of  arc  in  a  horizontal 
angle  measured  clockwise  from  true  north 
to  the  mouth  direction  of  the  basin  diameter 
(dimensionless). 

Axil  angle:  Term  denoting  angle  of  lunction  of 
tributaries  or  entrance  angle.  It  is  the  upper 
angle  between  the  main  channel  and  a 
branch  (dimensionless). 


Basin  area:  Acres  of  square  miles,  horizontal 
projection  (dimension  L2  ). 

Drainage  density:  Total   length    (miles)    of  afl* 
streams   of  all   orders   in   a   watershed  pen 
unit  of  horizontal  area  (square  mile)  (dimei 
sion  L-1  ). 

Constant  of  channel  maintenance:  Horizontal 
area,  square  feet,  per  foot  length  of  chanm!' 
(inverse  of  drainage  density)  ( dimension  L';* 

Stream  frequency:  Number  of  stream  segmentti 
per  square  mile  of  watershed  area  (dimeic-i 
sionL-2).  (1 

Circularity  ratio:  Ratio   of  the  area  of  a  basi 
to    the   area   of  a   circle   having   the   saniitl 
perimeter  as  the  basin.  The  closer  the  rati 4 
approaches    unity    the    more    circular    tblj 
shape  (dimensionless). 

Elongation  ratio:  Ratio  of  the  diameter  of  i 
circle  having  the  same  area  as  the  basisi 
to  basin  diameter.  The  smaller  the  ratio  tit;: 
more  elongate   the  shape  (dimensionless 

ML/MW:  Ratio  of  maximum  basin  length  )| 
maximum  basin  width  (dimensionless). 

A/ML2:  Ratio  of  basin  area  to  the  square  4 
maximum  basin  length  (dimensionless). 

Lemniscate  constant  (k):  k  =  l2  II/4A  whe  i 
1  is  the  maximum  basin  length  (AIL)  an 
A  is  basin  area.  The  constant  k  expressu' 
the  relationship  between  the  maximu: 
length  and  maximum  width  of  the  loop  > 
a  lemniscate,  as  illustrated  below.  (Aft  i 
Chorley  et  al.  1957). 


The    loop   is  circular  when  the  constant  S 
unity  (dimensionless). 

Lemniscate  ratio:  Ratio  of  the  perimeter  > 
the  lemniscate  shape  indicated  by  k  to  tl  <| 
actual  drainage  basin  perimeter.  The  clos ;( 
the  lemniscate  ratio  approaches  unity  tl'j 
nearer  the  basin  shape  approaches  that  i 
the  pure  lemniscate  (dimensionless). 

Rise  or  relief  (used  interchangeably):  Increai 
in  elevation,  usually  in  feet  (dimension  I1 

Maximum    basin    relief:  Rise    from    lowest    < 
highest    point    on    the    basin    perimet 
(dimension  L ). 
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pe  or  gradient:  Rise  per  unit  of  horizontal 
distance,  a  ratio,  usually  expressed  in  per- 
cent (dimensionless). 

sin  ML  relief  ratio:  Ratio  of  rise  along  ML 
to  ML  (dimensionaless). 

lative  relief:  Ratio  of  rise  along  ML  to  basin 
perimeter.  Perimeter  as  the  denominator 
permits  characterization  of  oddly  shaped 
basins  where  highest  relief  is  located  away 
from  the  point  opposite  the  basin  mouth 
(dimensionless). 

[ley  side  slope:  Gradient  of  valley  sides  lead- 
ing directly  to  stream  channels,  measured 
normal  to  contour  (dimensionless). 

erage  ground  slope:  Total  length  of  contours 
multiplied  by  contour  interval  and  divided 
by  basin  area  (dimensionless). 

pe  ratio:  Ratio  of  channel  gradient  (mesh 
length)  to  average  ground  slope  (dimension- 


less). It  is  a  measure  of  the  horizontal 
angle  that  the  lateral  slope  makes  relative 
to  the  channel  slope.  A  low  slope  ratio  in- 
dicates that  the  lateral  inflow  tends  to  enter 
the  streams  at  right  angles,  whereas  the 
angle  of  inflow  becomes  more  acute  as 
channel  slope  approaches  ground  slope. 
The  slope  ratio  tends  to  decrease  witli  in- 
crease in  drainage  area. 

Ruggedness  number:  Drainage  density  multi- 
plied by  maximum  basin  relief  and  divided 
by  5,280  (after  Strahler  1958).  The  larger 
the  number  the  more  rugged. 

Percentage  hypsometric  curve:  The  plot  of  a 
continuous  function  relating  relative  height 
to  relative  area. 

Hypsometric  integral:  The  relative  area  below 
the  hypsometric  curve  (dimensionless). 
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Abstract 


Frequency  measured  by  the  3/4-inch  loop  technique  was  com- 
pared to  estimates  of  plant  basal  cover,  foliar  cover,  herbage  pro- 
duction, and  density.  The  relationship  between  loop-frequency  and 
the  other  parameters  were  rarely  significant  or  consistent  as 
determined  by  regression  and  correlation.  Loop-frequency  un- 
predictably overrated  foliar  and  basal  plant  cover  on  the  basis  of 
ratio  estimates,  a  relative  measure  of  bias.  Therefore,  frequency 
estimated  by  the  3/4-inch  loop  technique  can  be  equated  only  to 
itself  and  not  used  to  make  inferences  about  other  plant  commu- 
nity parameters. 

Keywords:  Loop-frequency,  plant  basal  cover,  plant  foliar  cover, 
herbage  production,  plant  density,  bias  (ratio 
estimates). 
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Loop  Frequency  as  Related  to  Plant  Cover, 
Herbage  Production,  and  Plant  Density 

Richard    E.    Francis,    Richard    S.    Driscoll,    and    Jack    N.    Reppert 


Three-quarter-inch  loop-frequency  isavege- 
ion  measurement  technique  which  has  been 
pd  to  determine  change  in  vegetation  or 
ilyze  plant  communities.  It  is  an  integral 
tof  the  3-step  procedure  developed  by  Parker 
51),  and  was  basically  designed  to  detect 
inge  in  range  condition.  Loop-frequency 
imates  presence  or  absence  of  plant  species 
a  series  of  small  plots. 

Reports  have  been  published  discussing 
itionships  between  plant  frequency  estimated 

the  3/4-inch  loop  and  other  methods  for 
ilyzing  vegetation.  Kinsinger  et  al.  (1960) 
ipared  the  loop  method  against  line  inter- 
t  and  variable  plots  to  estimate  shrub  crown 

er.  They  reported  that  the  loop  method  esti- 
ted  cover  significantly  higher  than  "true 
er"  or  line  intercept.  Johnston  (1957)  stated 
t,  "The  loop  method  was  the  most  rapid  in 
.!  field,  detected  least  species,  and  gave  the 
St  variable  data,"  when  compared  to  the  line 
;rcept  and  vertical  point  quadrat  methods  for 
isuring  grassland  vegetation.  However,  loop- 
ijuency  has  often  been  interpreted  as  an  index 

other  community  characteristics  such  as 
it  cover  or  density. 

The  objectives  of  this  study  were  to  deter- 
le  the  relationships  between  loop-frequency 
a  plant  community  measurement  and  (1) 
tit  cover  measured  by  line  intercept  (basal), 
jpt    quadrat     (basal),    and    ocular    estimate 

iar),  (2)  herbage  production,  and  (3)  density 
:  mbers  per  unit  area).  If  loop-frequency 
I  dependably  related  to  these  other  attri- 
fcs,  it  could  be  used  as  an  index  to  those 
:  ibutes  measured  and  provide  additional  in- 
mation  about  plant  community  structure  and 
•nge. 


Literature 

Loop-frequency  has  been  obtained  by  re- 
eding perennial  plant  species  rooted  within 
-inch  circular  plots  systematically  located 
lng  100-foot  transects.  When  no  plant  base 
(urred  within  the  loop,  plant  litter,  rock, 
;e  soil,  or  moss  was  recorded  depending  on 


which  one  of  the  items  occupied  50  percent  or 
more  of  the  loop  area  (Parker  1951). 

Tests  of  the  loop-frequency  technique  have 
been  reported  by  several  researchers  (Sharp 
1954,  Johnston  1957,  Hutchings  and  Holmgren 
1959,  Parker  and  Harris  1959,  Strickler  1961, 
Reppert  and  Francis2  ).  The  estimates  of 
plant  or  soil  factors  within  a  3/4-inch  diameter 
loop  has  been  referred  to  as  a  cover  or  density 
index  (Parker  1951).  In  reality,  it  should  be 
interpreted  only  as  loop-frequency  (Hutchings 
and  Holmgren  1959)  or  simplv  frequency  (Hyder 
et  al.  1963). 

Plant  frequency  depends  on  density  (number 
per  unit  area)  and  pattern  (distribution  of  plants) 
(Greig-Smith  1964).  Consequently,  these  de- 
pendencies require  consideration  of  various 
quadrat  sizes  to  obtain  satisfactory  species  or 
plant  group  frequency  data  (Hyder  et  al.  1965). 
Curtis  and  Mcintosh  (1950)  and  Aberdeen  (1958) 
further  emphasized  that  quadrat-frequency  data 
were  difficult  to  interpret  as  plant  cover  because 
of  the  density/dispersion  dependency.  In  addi- 
tion, Hutchings  and  Holmgren  (1959)  pointed 
out  that  loop-frequency  depends  upon  plant 
shape  and  size,  which  also  affects  cover. 

A  positive  bias  between  loop-frequency  and 
basal  or  foliar  cover  has  been  reported  (Parker 
1950,  Johnston  1957,  Hutchings  and  Holmgren 
1959,  Kinsinger  et  al.  1960).  Bias  is  defined 
as  the  ratio  of  loop-frequency  to  cover  (Hutch- 
ings and  Holmgren  1959)  and  approaches  unity 
when  loop-frequency  and  cover  are  nearly  the 
same.  Frequency/cover  ratios  were  as  high  as 
15.0  for  small  plants,  but  approached  1.0  for 
larger  plants  such  as  shrubs  with  large  crowns. 
These  results  were  similar  to  those  of  Parker 
and  Harris  (1959)  who  showed  a  bias  of  0.97 
for  big  and  silver  sagebrush 3  in  California 
and  7.5  for  grasses  in  Arizona. 


Reppert,  Jack  N.,  and  Richard  E.  Francis.  Inter- 
pretation of  trend  in  range  condition  from  3-step  data. 
(Manuscript  in  preparation  at  Rocky  Aft.  Forest  and 
Range  Exp.  Stn.,  Fort  Collins,  Colo.) 


Common  and  botanical  names  of  plants  mentioned 
are  listed  inside  the  back  cover. 


Smith  (1962)  felt  that  changes  in  loop- 
frequency  might  serve  as  a  reliable  index  to 
changes  in  cover  provided  plant  sizes  and  bias 
remained  fairly  constant.  Parker  and  Harris 
(1959)  cautioned  against  using  loop-frequency 
as  a  plant  cover  index  when  plant  diameters 
were  smaller  than  1  to  2  inches,  and  where 
it  cannot  be  assumed  that  the  plant-size  dis- 
tribution remains  unchanged  over  time. 


Methods 


Study  Areas 


Four  areas  were  selected  to  represent  a 
variety  of  plant  communities.  The  Wild  Bill 
Cattle  Allotment  is  in  the  ponderosa  pine- 
bunchgrass  type  on  the  Coconino  National 
Forest,  northwest  of  Flagstaff,  Arizona,  at  7,600 
feet  (Pearson  and  Jameson  1967).  The  Manitou 
Experimental  Forest,  also  a  pine-bunchgrass 
type,  is  located  northwest  of  Colorado  Springs, 
Colorado  in  the  Pike  National  Forest  at  7,700 
feet.  Manitou  differed  from  Wild  Bill  in  that 
ponderosa  pine  occurred  in  open-to-dense  stands 
interspersed  with  untimbered  parks  (Smith 
1967).  The  specific  study  site  at  Manitou  was 
located  in  one  of  these  parks.  The  Harvey 
Valley  Allotment,  northwest  of  Susanville,  Cali- 
fornia in  the  Lassen  National  Forest,  is  at 
5,600  feet  (Ratliff  et  al.  4  )•  Three  community 
types  were  selected  at  Harvey  Valley:  meadow, 
open  grassland,  and  ponderosa  pine-bunchgrass. 
The  Carter  Mountain-Meeteetse  Creek  Allot- 
ments are  on  the  Shoshone  National  Forest 
south  of  Cody,  Wyoming  in  an  alpine  type  on 
an  11,000-foot  volcanic  plateau  (Strasia  et  al. 
1970). 


Vegetation  Measurements 

Loop-frequency.— Loop-frequency  was  ob- 
tained according  to  standard  procedures  for  the 
3-step  technique.  In  some  cases  transect  length 
and  numbers  per  location  differed.  At  all  loca- 
tions, loop-frequency  was  obtained  from  the 
same  transects  from  which  other  measurements 
were  made. 

Basal  cover.— Plant  basal  cover,  estimated 
by  line  intercept  (Canfield  1942),  was  obtained 
at  Manitou  for  comparison  with  loop-frequency. 

4 

Ratliff,  Raymond  D.,  Jack  N.  Reppert,  and  R.  J. 
McConnen.  Rest-rotation  grazing  at  Harvey  Valley  — range 
health,  cattle  gains,  and  economics.  (Manuscript  inprepar- 
ation  at  Pac.  Southwest  Forest  and  Range  Exp.  Stn., 
Berkeley,  Calif.) 


In  1967,  one  hundred  20-foot  transects  were 
measured.  Sample  size  was  reduced  to  20 
transects  in  1968.  These  same  transects  were 
measured  twice  in  1969,  June  and  August,  to 
evaluate  the  relationship  of  the  two  techniques 
to  detect  plant  community  seasonality.  The 
transect  was  the  unit  of  comparison  between 
the  two  techniques. 

The  vertical  point  quadrat  method  for  meas- 
uring plant  basal  cover  (Levy  and  Madden 
1933)  was  used  at  four  plot  locations  in  each 
of  the  three  vegetation  types  at  the  Harvey 
Valley  area  for  comparisons  with  loop-frequency. 
Thirty  transects  100  feet  long  were  established 
at  each  location.  A  3-point  vertical  frame, 
oriented  perpendicular  to  the  transect  line, 
was  systematically  placed  at  34  loci  along  each 
transect.  The  same  transects  were  used  to 
obtain  loop-frequency  data.  In  all  cases,  the 
transect  was  the  sample  unit. 

Foliar  cover.— Ocular  estimates  of  foliar 
cover  (Brown  1954)  and  loop-frequency  were 
obtained  on  the  Carter  Mountain-Meeteetse 
Creek  Allotments.  Two  3-transect  clusters,  each 
transect  100  feet  long,  were  randomly  located 
within  uniform  sites  at  each  of  three  exclosure 
locations,  one  cluster  inside  and  one  outside 
each  exclosure.  Cover  was  estimated  by  10  per- 
cent classes  on  ten  4-  by  8-inch  plots  system- 
atically placed  along  each  transect. 

Production.— Within  each  of  seven  range 
units  at  Wild  Bill,  fifteen  100-foot  permanent 
transects  were  established.  Estimates  of  herbage 
production  were  obtained  from  three  clipped 
plots  systematically  located  along  each  transect. 
These  plots  represented  one  of  a  pair  used  for 
obtaining  production-utilization  by  the  paired- 
plot  method  (Klingman  et  al.  1943).  The  same 
transects  were  used  to  obtain  loop-frequency 
data  to  provide  comparisons  between  the  two 
measurements.  Four  years  of  information, 
1965-68,  were  obtained. 

Density.— Species  density  (Oosting  1956)  was 
obtained  at  Manitou  using  a  1-  by  20-foot  plot 
frame  along  the  same  transects  used  for  basal 
cover  and  loop-frequency. 

These  measurement  techniques,  excluding 
loop-frequency,  have  been  widely  used  and 
tested.  They  provide  reliable  estimates,  with 
limited  bias,  of  the  plant  community  character- 
istics they  were  designed  to  measure  (Brown 
1954,  NAS-NRC  1962,  Hutchings  and  Pase  1963). 

Analysis 

Linear  regression  and  correlation  were  used 
to    determine    the  relationship  between  loop- 
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quency  (the  independent  variable)  and  esti- 
ttes  of  basal  cover,  foliar  cover,  production, 
d  plant  density.  For  each  comparison,  data 
tm  a  transect  represented  an  observation  for 
jression. 

Items  chosen  for  analyses  were  as  follows: 
Loop-frequency  versus  percent  basal  cover 
(line  intercept)  for  total  plants  and  six 
species  (Arizona  fescue,  blue  grama,  moun- 
tain muhly,  trailing  fleabane,  pussytoes,  and 
fringed  sagebrush)  by  measurement  date. 
Loop-frequency  versus  percent  basal  cover 
(point  quadrat)  by  vegetation  type  for  total 
plants,  three  vegetation  groups  (grasses, 
forbs,  and  grasslikes),  soil,  and  litter. 
Loop-frequency  versus  percent  foliar  cover 
for  total  plants,  two  species  (whiproot  clover 
and  alpine  avens),  and  three  vegetation 
groups  (grasses,  forbs,  grasslikes)  inside  all 
exclosures,  outside  all  exclosures,  and  all 
exclosure  sites  combined. 
Loop-frequency  versus  production  for  total 
olants  and  eight  species  (crested  wheatgrass, 
intermediate  wheatgrass,  mountain  muhly, 
Arizona  fescue,  bottlebrush  squirreltail,  flea- 
bane,  sedge,  and  Fendlerceanothus)  by  range 
unit  for  each  year  and  all  years  combined. 
Loop-frequency  versus  density  for  six  species 
(same  species  as  1  above)  by  measurement 
date. 

Only  correlation  coefficients  of  0.75  or 
3ater  at  the  5  percent  level  of  significance 
re  retained.      A  coefficient  of  0.75  accounts 


for  about  50  percent  of  the  variation  in  the 
dependent  variable  (Y).  This  constraint  was 
chosen,  therefore,  as  being  statistically  as  well 
as  biologically  important. 

Ninety-five  percent  confidence  intervals  for 
the  true  mean  value  of  Y  (Y)  for  a  given  X 
and  the  slope  of  regression  line  (  /3 )  were 
determined  when  a  consistently  significant  re- 
lationship occurred  for  a  particular  species, 
plant  group,  or  soil  surface  characteristic.  A 
consistently  significant  relationship  is  defined 
as  100  percent  of  the  correlation  coefficients 
for  a  particular  test  item  having  significant 
(P  =  0.05)  r  values  of  0.75  or  greater  over 
time. 

Bias  was  calculated  using  loop-frequency 
data  and  estimates  of  basal  and  foliar  cover 
for  vegetation  classes,  primary  plant  species, 
and  total  plant  species.  Bias  for  soil  and 
litter  was  calculated  from  data  obtained  by 
point  quadrat.  Bias  was  not  calculated  for 
either  production  or  density  because  these  two 
measurements,  not  being  percentages,  have  no 
absolute  limit  as  does  loop-frequency  or  cover. 


Results  and  Discussion 

A  total  of  608  linear  regressions  were  made 
comparing  loop-frequency  against  four  other 
plant  community  characteristics.  Only  122  of 
the  total  correlation  coefficients  were  statistical- 
ly significant  at  P  =  0.05  and  r  >    0.75  (table  1). 


le    1 . --Signi f icant   correlation    coefficients   obtained    comparing    3/^"inch    loop-frequency    to   other 

vegetation   measurements 


Vegetation 
type 


Comparative 
parameters 


Total 


No .    s  i  gn  i  f  i  cant 
wi  th    r   >   0. 75 


es  Lb 

(P=.05) 

(P=.01) 

252 

81 

44 

24 

0 

0 

24 

0 

0 

22 

0 

0 

15 

0 

0 

175 

15 

13 

96 

26 

18 

608 

122 
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Frequency  vs.  basal  cover 
( 1  i  ne  i  ntercept ) 

Frequency  vs.  basal  cover 
(pt.  quadrat) 

Frequency  vs.  basal  cover 
(pt.  quadrat) 

Frequency  vs.  basal  cover 
(pt.  quadrat) 

Frequency  vs.  foliar  cover 

Frequency  vs.  herbage  production 

Frequency  vs.  density 


1967:  Y=-0.50+.5165X;  95%  CI(Y)=  9.0630+8. 6794;   r=.75** 

1968:  Y=  0.52+.4040X;  95%  CI(I)=  8.9400+5.8769:   r±.86** 

6/1969:  Y=-3.76+.6475X;  95%  CI(Y)=11.  4700+6.  9093;   r=.93** 

8/1969:  Y=-1.81+.5821X;  95%  CI(Y)=10.  0600+9.  5410;   r=.82** 


Figure  1. — Loop- frequency  (X) 
versus  basal  cover  (Y)  meas- 
ured by  line  intercept  for 
blue  grama;  four  measurement 
periods — Manitou.  (CI  for  $ 
not  shown) 
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Basal  Cover  versus  Loop-Frequency  ...Manitou 

Loop-frequency  was  tested  against  basal 
cover  measured  with  line  intercept  by  252  linear 
regressions.  Eighty-one  significant  correlation 
coefficients  were  identified  (table  1).  Only 
eight  of  these  had  a  consistently  significant 
relationship  for  two  species  over  the  four  meas- 
urement periods;  blue  grama  (fig.  1)  and  moun- 
tain muhly  (fig.  2).  However,  the  wide  con- 
fidence intervals  indicated  doubtful  reliability 
of  the  relationships.  The  remainder  of  the 
significant  correlations  were  scattered  among 
the   other    species  and  measurement  periods. 

Estimates  of  relative  bias  between  loop- 
frequency  and  basal  cover  were  calculated  for 
six  species  and  vegetation  groups.  The  mean 
bias  for  all  plants  ranged  from  2.3  to  2.4  for 
the  four  measurement  periods  (table  2).  The 
largest  range  in  bias  was  obtained  for  trailing 
fleabane  (12.5  to  28.0)  and  the  sedge  species 
(2.4  to  20.0).  The  most  consistent  bias  esti- 
mates for  a  vegetation  group  and  individual 
species  were  obtained  for  all  grasses  (1.8  to 
2.1)  and  especially  for  blue  grama  within  that 
group. 


In   general,  bias  estimates  were  highly  el 
ratic  except  for  those  species  previously  me 
tioned.  The  wide  confidence  bands,  even  wit : 
high  correlation  coefficients,  places  doubt  abo' 
an    acceptable    relationship    between    the  tvi 
methods  (figs.  1,  2). 
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Figure  2. — Loop-frequency  (X)  versus  basal 
cover  (Y)  measured,  by  line  intercept  for 
mountain  muhly;  four  measurement  periods 
— Manitou.      (CI  for  &  not  shown) 

1967:  Y=.32+.4097X;  95%  CI(1)=2.  8450+2.  4601;   r=.80 

1968:  Y=.47+.5177X;  95%  CI (Y_)=4.  0600+3.  2794;   r=.89 

6/1969:  Y=.32+.6067X;  95%  CI(Y)=4. 7300+4. 7982;   r=.83! 

8/1969:  Y=.67+.3811X;  95%  CI(Y)=3. 9550+4. 3446;   r=.76 


Jasal  Cover  versus  Loop-Frequency  .  .  . 
larvey  Valley 

Seventy  linear  regressions  with  related  cor- 
elation  coefficients  were  made  to  relate  loop- 
requency  and  basal  cover  measured  by  point 
[uadrat  in  three  vegetation  types  (table  1). 
sTone  of  the  correlation  coefficients  were  sig- 
lificant  with  the  constraints  previously  defined, 
rhus,  there  was  not  an  acceptable  relationship 
tetween  the  two  measurement  techniques  for 
he  three  vegetation  types. 

The  relationships  between  basal  cover 
neasured  by  point  quadrat  and  loop-frequency 
vere  similar  to  those  identified  comparing  basal 
:over  measured  by  line  intercept  and  frequency, 
n  all  cases,  loop-frequency  provided  a  positive 
)ias  for  all  vegetation  combinations  (table  3). 
Generally,  it  was  much  higher  with  meadow- 
ype  vegetation  than  the  other  two  types.  Here 
he  plants,  except  one  of  the  grasses,  were 
;mall  in  basal  area,  resulting  in  an  excessively 
righ  overrating  by  the  loop-frequency  tech- 
lique. 

The  bias  relationship  for  the  soil  category 
n  the  open  grassland  and  the  litter  category  in 
hepine-bunchgrass  were  near  unity,  indicating 
hat  both  methods  were  providing  similar  esti- 
mates of  these  items  in  the  community  (table 
!).  However,  the  extreme  variation  in  bias  ratios 
imong  species  and  vegetation  classes  between 
he  point  quadrat  and  loop-frequency  sampling 
echniques  within  and  among  the  three  vegeta- 
ion  types  indicates  that  the  relationship 
between  the  two  techniques  is  of  limited  value. 


Foliar  Cover  versus  Loop-Frequency  .  .  . 
Carter  Mountain 

To  test  the  relationship  between  loop- 
frequency  and  foliar  cover,  15  linear  regressions 
with  related  correlation  coefficients  were  made 
for  combinations  of  exclosure  sites  and  species. 
None  of  the  correlation  coefficients  were  signi- 
ficant with  the  constraints  previously  defined. 
Thus,  there  is  no  apparent  acceptable  relation- 
ship between  the  two  measurement  techniques 
in  alpine  vegetation. 

The  bias  between  loop-frequency  and  foliar 
cover  ranged  from  0.5  for  alpine  avens  to  6.0 
for  Junegrass  (table  4).  For  individual  plant 
classes,  the  bias  ratio  was  2.9,  3.0,  and  1.6  for 
grasses,  grasslikes,  and  forbs,  respectively.  Due 
to  the  wide  range  in  bias  within  the  same 
group  of  species,  loop-frequency  could  not  be 
converted  to  foliar  cover  by  a  mean  bias 
estimate. 

Loop-frequency  can  be  expected  to  be  only 
haphazardly  related  to  foliar  cover.  The  loop 
is  measuring  presence  or  absence  of  vegetation 
at  the  ground  surface  without  regard  to  above- 
ground  configuration.  Theoretically  there 
should  be  no  change  in  loop-frequency  pro- 
vided seasonality  does  not  alter  plant  com- 
munity structure  or  composition  (Greig-Smith 
1964). 

Foliar  cover  is  an  estimate  of  aboveground 
leafage  and  will  vary  with  seasons  from  year 
to  year,  depending  on  growing  conditions  and 
animal  grazing.  If  the  area  were  sampled  when 
the  vegetation    had    attained    its   maximum 


Table  2. --Magnitude  and  variability  of  mean  frequency,  cover,  and  bias  between  3/4-inch 
loop-frequency  and  basal  cover  by  line  intercept  in  a  ponderosa  pine-bunchgrass  type--Manitou 


June  1967 


August  1968 


June  1969 


August  1969 


Species 


Freq.  Cover     Bias       Freq.   Cover     Bias       Freq.  Cover     Bias       Freq.   Cover     Bias 


Percent 


Percent 


Percent 


Percent 


All   grasses: 

26.3 

12.5 

2.1 

29.5 

14.8 

1.9 

32.6 

17.2 

1.8 

31.4 

15.1 

2.1 

Blue  grama 
Arizona  fescue 
Mountain  muhly 

18.5 
0.3 
6.1 

9.1 

0.1 
2.8 

2.0 
3.0 
2.2 

20.8 
1.0 
6.9 

9.5 
0.6 
4.0 

2.2 

1.6 
1.7 

23.5 
1.1 
7.2 

11.4 
0.5 
4.9 

2.0 
2.2 
1.4 

20.4 
0.8 
8.6 

10.0 
0.5 
3.9 

2.0 
1.6 
2.2 

Grasslikes   (sedge): 

0.4 

0.1 

4.0 

1.2 

0.5 

2.4 

2.0 

0.1 

20.0 

1.8 

0.3 

6.0 

111  forbs: 

20.2 

6.4 

3.2 

14.9 

3.6 

4.1 

16.7 

4.4 

3.8 

14.0 

4.8 

2.9 

Pussytoes 
Trailing  fleabane 
Fringed  sagebrush 

10.5 
4.2 
2.3 

4.9 
0.3 
0.4 

2.1 

14.0 

5.8 

5.0 
5.4 
2.1 

2.4 

0.4 
0.4 

2.0 

13.5 

5.2 

8.1 
2.5 
1.9 

3.4 
0.2 
0.6 

2.4 

12.5 

3.2 

8.4 
2.8 
1.6 

4.2 
0.1 
0.4 

2.0 

28.0 

4.0 

All   plants: 

46.9 

19.0 

2.4 

45.6 

18.9 

2.4 

51.3 

21.7 

2.4 

47.2 

20.2 

2.3 

Literature  Cited 

Aberdeen,  J.  E.  C. 

1958.  The  effect  of  quadrat  size,  plant  size, 
and  plant  distribution  on  frequency 
estimates  in  plant  ecology.  Aust.  J.Bot. 
6:  47-58. 

Brown,  Dorothy. 

1954.  Methods  of  surveying  and  measuring 
vegetation.  Commonw.  Bur.  Pastures 
and  Field  Crops  Bull.  42.  223  p.  Reading, 
England:  Bradley  and  Son,  Ltd. 

Canfield,  R.  H. 

1942.  Sampling  ranges  by  the  line-inter- 
ception method.  U.  S.  Dep.  Agric, 
Forest  Serv.,  Southwest.  Forest  and 
Range  Exp.  Stn.,  Res.  Rep.  4.  28  p. 

Curtis,  J.  T.,  and  R.  P.  Mcintosh. 

1950.  The  interrelations  of  certain  analytic 
and  synthetic  phytosociological  charac- 
ters. Ecology  31:  434-455. 

Greig-Smith,  P. 

1964.  Quantitative  plant  ecology.  Ed.  2,256 
p.  London:  Butterworths  and  Co.,  Ltd. 

Hutchings,  Selar  S.,  and  Ralph  C.  Holmgren. 

1959.  Interpretation  of  loop-frequency  data 
as  a  measure  of  plant  cover.  Ecology 
40:  668-677. 

Hutchings,  Selar  S.,  and  Charles  P.  Pase. 

1963.  Measurement  of  plant  cover  —  basal, 
crown,  leaf  area.  p.  22-30.  In  Range 
research  methods  —  A  symposium, 
Denver,  Colo.  U.  S.  Dep.  Agric.  Misc. 
Publ.  940. 
Hyder,  D.  N.,  C.  E.  Conrad,  Paul  T.  Tueller, 
and  others. 

1963.  Frequency  sampling  in  sagebrush- 
bunchgrass  vegetation.  Ecology  44: 
740-746. 

,  R.  E.  Bement,  E.  E.  Remmenga,  and 

C.  Terwilliger,  Jr. 

1965.  Frequency  sampling  of  blue  grama 
range.  J.  Range  Manage.  18:  90-94. 

Johnston,  A. 

1957.  A  comparison  of  the  line-interception, 
vertical  point-quadrat,  and  loop-methods 
as  used  in  measuring  basal  area  of 
grassland  vegetation.  Can.  J.  Plant  Sci. 
37:  34-42. 
Kinsinger,  Floyd  E.,  Richard  E.  Eckert,  and  Pat 
O.  Currie. 

1960.  A  comparison  of  the  line-intercep- 
tion, variable-plot  and  loop  methods 
as  used  to  measure  shrub-crown  cover. 
J.  Range  Manage.  13:  17-21. 

Klingman,  Dayton   L.,   S.   R.  Miles,  and  G.  O. 
Mott. 

1943.  The  cage  method  for  determining 
consumption  and  yield  of  pasture  herb- 
age. Am.  Soc.  Agron.  J.  35:  739-746. 


Levy,  E.  Bruce,  and  E.  A.  Madden. 

1933.     The  point  method  of  pasture  analys: 
N.  Z.  J.  Agric.  46:  267-279. 
National  Academy  of  Sciences  —  National  R,j; 
search  Council. 

1962.     Basic    problems    and    techniques 
range    research.    NAS-NRC    Publ.  8?i 
341  p.  Wash.,  D.C. 

Oosting,  Henry  J. 

1956.    The  study  of  plant  communities.  E  I 
2,  440  p.  San  Francisco:  W.  H.  Freema 
and  Co. 
Parker,  Kenneth  W. 

1950.  Report  on  3-step  method  for  measu. 
ing  condition  and  trend  of  forest  range  i 
U.  S.  Forest  Serv.,  68  p.  Wash.,  D.C. 


1951.    A    method    for  measuring  trend  :i 
range     condition    on    national    fore 
ranges.  U.  S.  Forest  Serv.,  26  p.  Wash 
D.C. 

and  Robert  W.  Harris. 

1959.    The    3-step    method    for    measurir 
condition  and  trend  of  forest  ranges: : 
resume  of  its  history,  development,  am 
use.  p.  55-69.   in  Techniques  and  metho  i 
of  measuring  understory  vegetation    ■ 
A  symposium   [Tifton,  Ga.,  Oct.  195! 
Proc.  South  and  Southeast.  Forest  Ex  i 
Stns.,  New  Orleans,  La.,  and  Ashevill  i 
N.  C. 
Pearson,  Henry  A.,  and  Donald  A.Jameson. 
1967.    Relationship     between  timber     an 
cattle   production    on    ponderosa    pir  ( 
range:  The  Wild  Bill  Range.  U.S. Fore 
Serv.,  10  p.  Rocky  Mt.  Forest  andRanji 
Exp.  Stn.,  Fort  Collins,  Colo. 
Sharp,  L.  A. 

1954.    Evaluation  of  the  loop-procedure  ' 
the   3-step    method    in    the  salt-dese 
shrub  type  of  southern  Idaho.  J.  Ranji 
Manage.  7:  83-88. 
Smith,  Justin  G. 

1962.     An    appraisal     of    the   loop-transe 
method  for  estimating  root  crown  ar< : 
changes.  J.  Range  Manage.  15:  72-78. 
Smith,  Dwight  R. 

1967.    Effects  of  cattle  grazing  on  a  ponde- 
osa  pine-bunchgrass  range  in  Colorad  \ 
U.  S.  Dep.  Agric.  Tech.  Bull.  1371,  60 
Strasia,  C.  A.,  M.  Thorn,  R.  W.  Rice,  and  D.  J 
Smith. 

1970.    Grazing  habits,  diet,  and  performam  ij 
of  sheep  on  alpine  ranges.   J.   Ran{i; 
Manage.  23:  201-208. 
Strickler,  Gerald  S. 

1961.  A  grid  method  for  obtaining  lo(| 
readings  on  small  plots.  J.  Ranp 
Manage.  14:  261-263. 


rv  a> 

y  £    >    =• 

K     "  v,  fa 


■2  >>o 

O    y    w 


.22  Z  >■  E 

m  =  c  E 
?T  o  o 


^.C   QJ   ©   Jr;  ■*-'   aj   « 


o;   CT  C 


o    «    — 

y        »-.  to 

t»-    On; 

"">    C  ^  « 
_    cs         X3 

po.<  g 
_ i     p  D 

O  x3  ■* 

y  y  •   o 

to  *-  >>£k 

■£  en  21 

y    «< 


5  g.o. 


y    TO 

y>20i-l-„,a> 
y  o  °       o  a>  y  a>  — 

u«  5  ai  fl        o         3 
o  -  S  C 


n"  2 

>  TO 


TO    £? 

CX'S 


SoSScE 


CS 


J3 
y 

- 


__    t?    >-    ra  w 

"    P    O    ts  '-    tU  .O 

•  CT*  to 


en  in  -o 


•a 

to  >.  c  "5 


"  "    ~    to  .2 

,    .2"       a>  73        P  2 
"S-°X3>>fc;ioy.Cc 

«_3£g.Q3tu£ 
y    ra    °    TO  _    2  a> 

«J«Sto4 


tN 


TO     ■•*"■   ■"■     ^   CM 

^   u    rt   o  in 
o  P  TvOS  S 

•  2    y    D"HH  CO 

OS    3 

S--0     ■  o 
r  y  p  °>-s 

1  o*  5    r »" 

XS    O  ■-  OS  .5 

o  J  o  J,  32 
i5  3  2  o 
-      .  X3  OSCJ 


xi  c        as  _  2  y       -^ 
<u    D.H  w  ,2  a.    P    C 


3  <~  c    to         —i 

g  o  £8  g-g  ST 

Sl«-2<U?f2eO 


co  -a 


S  „  •-  «  !»i       co  xs 
r2ii2-.SM'£a 


—  -a   i_   >  as   « 

c  X3  T3  a. 

g  8  S  s,  "S  £•.§ 


O   TO    •> 


x>  s   y 


3    C 

.2  ° 
^  y 

2  o 

3  i_ 

ai  a, 


*?    60  73 

HI 

S  2  "> 

—  —    u 


to 


CM 


y  OS 

c  -1 

TO 


£  -o  .2  o  g 

as    f^  y    w 

y    ~    0) 


73  is  « 

E<*-  ex 


ra    -^    r-    ai    i_ 
O.T3  +3  T3  a. 


>-   to   to  .2  -3 


o  at< 

»-"    TO    o 

°-o-  fa 

CJ       .       - 

«  m«i  ,; 
ti   to   ^   *^ 

.  ii  en  w 
Z  S  -  <" 

o  «  2? 

^  S  a)  C 

CJ     ^     tn     TO 

to  —  o  a 

^  c  ^  ^ 

—     TO  T3 

«     „   Q     ™ 

-'2  en  S 


O  X3 
co   *j    ^ 

:  « • - 


.    o 
>»fa 


t-    Cw 

en  co  ^3 

2  %  £^ 

r   y  «i   Om 

.a  £■&«§ 

W   S   to  oo  o 

■J    D,,; 

ro  o  o  ^<"  e 

4=  o  •-  oj  .S 

S        3  2  o 

y  OJ 

3  ^ 


Eg?Sfo 

g    O.M   ^    3    „ 

SSerC  g.j3 

f*  £  8  S  * 

C  t>  A    t.  *i*    o 

j;  tu  S"  o  ex 

o  >  2  o   <- 

o  o  °  o  ^ 

:« c  sj  cs 

o.2  Si  3      ° 

•=■"-!  MS  I  • 
o  t-  -°  •- S  ex, 

•v  >  .2"      a*  73 

Sllf II 

>.„  «  £  - 
—  s      * 


>.  o    , 
y_    3 

£    >>E 

CTo    O 
Q>  g 

-2  c 

CJ     TO     TO 

3  «  b 

u  -.  " 

^-£ 

H  c  ° 
ra  -g 

°  t 

■  —    a;  ^2 
•°    3    to 

'•a  ■2H<« 

O    2    CJ 

5  u 

3  tu  £ 
to  ^  tu 

TO     _  <~ 

S2-S 


h«  S  5  "  u  " 

■o  -2  S.  5  .2  75  5 
g  o  >,|  g-g  Si 


£   "o 

to  w  r^  2  ^  tu  ^ 

tU    "5    to    5    tu  nj  TO 

U    TO    tu   TO  ii  * 

??   E   ^     TO    _?  >  tU 


■J  -6    Q.        O 


c    m    ? 

=u  g  a 


§  S  S  u  "S  i? 
tu  i!  b  £  -s  « 
^  "2  s  °  -^ 

g|  y2-g 

TO     3     r-     tU     In 

D.-D  C  T3  ex 


J3    m 

-  2    E 
TO   2 

?!  4  2 

CO  -o 
<u   J^ 

0-5  a  « 

S  >>o  2 

2-°  3  tu 

E  P 

to    <u    3    2 
tu  -2  to  cs 

c  —  ex 

-  a  tu  >• 

to   to  2  2 
t-.tu.tic 


CS  ^' 
CX'm 

.  c 
-  y 
y  X3 
> 

o 

y  w 
_  c 

TO    to 

So. 


3    2 

TO     O 


-  3 

tu    CX 
3 

a" 

tu 


to 

<u  tu 
-    60to 

ajp 

hJ  -C    tu 


O-Dh  fa 

tu     .     - 

*J    60  to      • 

M     TO     CJ     t- 

S.-£«in 

r>    tu 

^^  £  g- 
-  ^w 


>  — 


TO 


—  °  a 
•  c  fc  _ 

•o  a      ^ 

—.  3  tu 
o  -a  t- 
y  <u    •  o 

•c  « -a 

Qui"- 


E  g"§  «c"o 

°  CX«  ^  3  to 
^    to    „.    tn   2  ^ 

>    _Q      tU    ._     y 

«,   t.   3   <n   a   y 

«  tu  a- c  g,« 
2.x;  tu  o  y  •" 
■-    ,iu2c 

5  y  2*0^° 
y    >    2  O    u 

y  O  °        o  5) 

~    °    «    3  >J    S 

o.  u,  a  5  ° 
cT.2  $  3       ° 

-2    O    S  S    3    3 


3   "    3 

§.«  E 

«°s 

<a  •« 

<u   rt   c« 


W 


0)  •< 

r  y  «   O  ic 

.a  guosg 

-  er  c  ex2 

Hi«tc° 

"2  g-  a"  .  »- 
cs  2  o  «  S 

o  J    y  ^  S 
W     -T3KO 

is 

y  OS 

2  ■"* 


2    <U         'to  S 

r  >  .2"    •  tu 

■*  2  -a  >.  i:  <n 
«"S£S5 

^   S  .2   ts  _  -n 


CO 


<u  S  2  ts 
i      73 


:^^       a  c 

-°    2 


t-       •- 


3  2 


y  ex 

3 


^    2    TO 
to    to 


go  ^S  £■« 

w    *   P   ^    iu 

y  2        2  -0  * 

eSflO. 

y    t"    3         T3 
3    "    to    1-    - 


y  to  to 
t~.     3  — . 

2  o-a 

«  »  i, 

^  ^,  eu 

H  =  z 

■  to  "2 
to   y   2 

TO  O 

•-    y  J3 

jo  a  cs 

t~  cr  »i 

O  '3   y 

i-  o  a 

3  tu  £ 
to  w  y 
ts    o  '-" 

2  o-.S 

C      O      y 

y  —  -^ 
>  J3    TO 

5  °  E 
« .S 

£^2 
CO  x^ 


tS 


u 


1) 


o 
y  =*> 


O-C      -2    2^ 
<U  —    3  „  "2  2 

£  -O  .2    O    E   y 

SI*5" 
«    3  j-    y   t. 


2  -°  3  tu 

E  B 

■«  xs  -a  5 

tS  <u  c  2 

tU  73  TO  « 

•  -H   ■-.  y  -*•. 

73  w  2  -3 

i-   tu  .2  3 


TO    C 

ex 'io 
.  c 

-  V 

y  x) 
> 
o 

y  *j 

_  a 

TO     TO 


>*xs 

y    a. 
3         ^ 

er  to 

2  <u  2 

^  6o  73 

ex  2  P 

o-e- 

=  «» 

►J  J3  y 


o-a.  fa 

y     .     - 

—  eui  to  ^ 

t.   tfl   1)   e. 

•  a  en  w 
Z  S  -  "" 


^  to  X? 
3  a.<  S 

to  r*o  ra 
_-2f«  « 

23  p  y 
O  x3  *-• 
y  y  •  O 
m  <-*   >,[£, 

'C  ts  .2 

Q  £  e  - 

—       —     — 

c   y    =1   o  io 


ESp«|'5 

g     Q<   «    w     P     M 

If  isg-s 

«,  2    3    to    S    tu 

S.J3   <u   °  y 

.?      J;  o  "  - 

S  a,  CX  i-   A   O 

t!  >  2  °  o  tn 

y  o  e?        o  a> 

—  y  "" '  -2  j  > 

ex  3  y   cs  y 

o  .2  y   a 

■So  ^5   3  b 

j-  ""  tu  E-2  « 

Jm       '    2    DO  *j  ^ 

y   t-  ^3  ■-  2   £X 

c   t»    .   to    ™ 

•S  >  .2-      u  73 

_~   °    to  —    o    TO 
CO  _    C    £    °  £, 

y   a   °  to        _ 


>>  o    , 
y  ^   3 

g-o  E 

?°  g 

-2  c 

o»   ca   rt 

J-    3  — * 


;«5^§i 


tu 


y  ex 


0=   3, 


i"   to  ' 


P   °-^ 

tsccO 


"    S-3 

CS    O    o  ' 


_    O  -2  ds  .2 

3  S    O 
-  X3  05  O 


s; 


2  g-s  2  2f73 

s  2  p  E  >-  h 

c  ts  aj  «        g 

S"  E  ^  to  .o  > 

S  ffi  - 


tu 


cs  i- 


S-o    -2 
«i  —  c  i 

£x3.2  ° 

>3  2  as  —  y 
to  3  r-  y  ^. 
CXX3  ±3  xs   ex 


y 

H  a  ° 

.    TO    2 

to  y   2 

cs  o 

2  a>  jd 

■a  3    to 

u.  CT  t/s 

O  '3   y 

5  ° 
y  x:  c 

u  y  y 
3j" 
x  ^  y 

S   g.  C 

E     O     y 

y  ""  -^ 

S-E 

_ts  P 

«42 

co  xs 

rt    -,    «> 

a>  to 
to' 2   3  to 

2  ^-  3 
E"c| 
<u  73  ts  cs 

E^^  e3- 
jjjj  tu  >> 

TO    to    «  2 

u,   y  .2   2 


a  ^ 
to  37' 


.  P 
•~  y 
y  xs 


y  w 
_  P 
ts  to 


P  t. 

y    q. 
3         ^ 

a*  vs 
£  tu  as 
•a  50to 
ex  2  P 

o-e  = 

o  v  <n 

►J  x:   y 


USDA  Forest  Service  Research  Paper  RM-95 


October  1972 


mm 


& 


V 


Jfr*l    *A 


Volume  Tables  and 
Point-Sampling  Factors 

For 

Engelmann  Spruce  in 

Colorado  and  Wyoming 


'  8  •  9 

*** 

t 

~;r-.  .^_*.*u         4 

i'-a 

rw* 


By 

Clifford  A.  Myers  and  Carleton  B.  Edminster 


ROCKY  MOUNTAIN  FOREST  AND  RANGE 
FORT  COLLINS,  COLORADO 
**.<W^.     •       FOREST  SERVICE      U.  S.  DEPARTMENT  OF  AGRICULTURE 


STATION 


ABSTRACT 

Volumes  are  in   total  cubic  feet  and  cubic  feet  to  a  4.0-inch 
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Nineteen  tables  presented  here  give  values 
eded  to  determine  the  volumes  of  Engelmann 
jruce  (Picea  engelmannii  Parry)  trees  in 
ilorado  and  southern  Wyoming.  They  provide 
e  following: 


Gross    volumes 
i  cubic  feet. 
i  Gross  volumes 
■  International  Vi 
;  Point-sampling 

cubic  feet  and  board  feet. 


in    total   and   merchantable 

in  board   feet,  Scribner  and 

inch  log  rules. 

factors    for    merchantable 


Volume  on  an  area  may  be  determined 
>m:  (1)  measurements  of  tree  diameters  and 
ights,  (2)  measurements  of  diameters  and 
sufficient  heights  to  convert  the  appropriate 
lume  tables  to  local  volume  tables  (Chapman 
id  Meyer  1949),  or  (3)  tree  counts  obtained 
point-sampling. 

Sample  trees  were  measured  by  personnel 
the  Colorado  State  Forest  Service  and  of  the 
>DA  Forest  Service  on  the  following  eight 
itional  Forests:  Arapaho,  Grand  Mesa-Un- 
mpahgre,  Gunnison,  Medicine  Bow,  Rio 
ande,  Routt,  San  Juan,  and  White  River. 


Definitions  and  Standards 

Variables  used  in  the  tables,  and  standards 
lowed  in  field  measurement  and  computa- 
>ns,  are  as  follows: 

Diameter  breast  high  (d.b.h.).  —  Measured 

0.1  inch  outside  bark  4.5  feet  above  ground 

/el  at  the   uphill   side  of  the  tree.  Full-inch 

imeter  classes,   with   class   midpoints  at  the 

lf-inch  marks,  were  used  in  the  tables  (12.5, 

1.5,  and  so  forth). 


Scaling  diameter  of  logs.  —  Average  diam- 
eter inside  bark  to  0.1  inch,  measured  at  the 
upper  (small)  end  of  logs  or  half-logs.  Saw- 
log  diameter  classes  followed  conventional 
scaling  practice,  with  class  midpoints  at  whole 
inches  (12.0,  13.0,  and  so  forth). 

Minimum  top  diameters  for  board-foot 
volumes.  —  Two  minimum  top  diameters  in- 
side bark,  6  and  8  inches.  Actual  utilization 
practices  indicate  that  both  limits  are  used  for 
Engelmann  spruce,  and  that  the  limit  does  not 
vary  with  tree  diameter.  Logs  with  a  scaling 
diameter  less  than  5.6  inches  for  the  6-inch  top 
and  7.6  inches  for  the  8-inch  top  usually  were 
not  included  in  saw-log  volume.  A  few  logs 
with  smaller  scaling  diameters  were  included 
to  satisfy  requirements  of  the  4-foot  rule,  de- 
scribed below.  This  also  conforms  to  local 
practice. 

Total  height.  —  Measured  to  the  nearest 
foot  from  ground  level  at  the  tree  base  upward 
to  the  tip.  Forked,  stag-topped,  or  other  de- 
formed trees  were  not  included  in  the  sample. 
Midpoints  of  the  total  height  classes  used  in 
the  tables  were  multiples  of  10.0  feet. 

Height  in  logs.  --  Measured  from  the  top 
of  a  stump  1.0  foot  high  upward  to  the  limit 
of  saw-log  utilization.  Each  tree  was  divided 
into  as  many  16.5-foot-long  logs  as  possible. 
An  additional  half-log,  if  present,  was  taken 
from  the  uppermost  part  of  the  merchantable 
length.  Portions  of  the  bole  above  the  height 
of  minimum  top  saw-log  diameter  were  in- 
cluded in  the  uppermost  saw-log  if  the  standard 
length  of  the  log  or  half-log  ended  within  4.0 
feet  above  this  height.  This  "4-foot  rule"  was 
used  to  avoid  biased  negative  error  in  volume 
(Chapman  and  Meyer  1949). 


Explanation  of  Tables 

General  definitions  and  standards  given 
above  apply  to  all  tables.  Explanation  of  each 
type  of  table  and  suggestions  for  use  are  pre- 
sented here. 

Volume  Tables 

Headings  and  footnotes  with  each  volume 
table  (table  1  and  even-numbered  tables)  give 
the  volume  unit,  type  of  hp;ght  measurement, 
utilization  standards,  and  volume  equations 
used  in  its  compilation.  Ten-foot  or  half-log 
height  classes  and  full-inch  diameter  classes 
were  used  in  all  tables. 

The  volume  tables  were  derived  from  linear 
regressions  in  V  and  D2H,  of  the  form: 

V=  a  +  b  D2H 

where: 

V  =  gross  volume  in  the  appropriate  unit, 

D  =  diameter  breast  high  outside  bark, 

II  =  total  height  in  feet  or  in  standard  logs  and 

half-logs,  and 
a,  b  =  regression  constants. 

Two  equations  were  used  to  derive  each  table 
except  for  table  8.  Usually,  the  relationship  be- 
tween V  and  D2H  could  not  be  expressed  by  a 
single  linear  regression  over  the  full  range  of 
the  basic  data. 

The  number  of  logs  in  a  tree  shown  in  the 
tables  is  not  necessarily  the  number  that  will 
actually  be  cut  from  it.  Instead,  it  is  the 
number  of  logs  between  the  1.0-foot  stump  and 
the  height  where  minimum  top  diameter  is 
reached.  Volume  of  nonmerchantable  logs  be- 
low the  height  of  minimum  top  diameter  should 
be  deducted  from  tree  volume  by:  (1)  estimation 
of  scaling  diameters  and  deduction  of  appropriate 
log  volumes,  (2)  use  of  taper  tables  to  deter- 
mine scaling  diameters  and  deduction  of  log 
volumes,  or  (3)  reduction  of  total  volume  by 
the  percentage  of  volume  contained  in  the  non- 
merchantable  log.  Volume  must  not  be  reduced 
by  tallying  fewer  logs  in  the  tree. 

Point-Sampling  Factors 

Tables  of  point-sampling  factors  (odd- 
numbered  tables  from  3  to  19,  inclusive)  give 
the  factors  for  each  of  numerous  combinations 
of  tree  diameter  and  height.  Tabulated  volumes 
per  square  foot  of  basal  area  were  obtained 
from  the  equations  in  the  table  footnotes.  These 
equations  resulted  from  the  division  of  each 
term  of  the  corresponding  tree  volume  equation 
by  0.005454D2,  a  formula  for  basal  area  (B). 


Point-sample  cruising  for  volume  can  t : 
done  in  several  ways:  (1)  measure  the  diamet* 
and  height  of  each  tree  counted  through  tli  • 
prism  or  relascope,  (2)  measure  the  height  c 
each  counted  tree  and  estimate  its  diamete 
pr  (3)  measure  the  heights  of  the  counted  tree 
and  make  no  record  of  the  diameters.  The  pre 
cedure  selected  will  depend  on  the  accurac; 
desired  (relative  accuracy  usually  in  the  orde 
listed  above)  and  the  time  and  personnel  aval 
able  for  the  job. 

If  the  diameter  and  height  of  each  counte 
tree  are  measured,  a  volume  conversion  facte 
is  selected  for  each  combination  of  diamete 
and  height.  Factors  are  read  from  the  appropr 
ate  factor  table  (odd-numbered  tables  from 
to  19,  inclusive)  or  computed  from  equation 
in  the  table  footnotes.  Volume  per  acre  is  coir 
puted  as  follows: 

1.  Multiply  the  number  of  counted  trees  in  eacl 
diameter-height  class  by  the  point-samplin; 
factor  for  the  class. 

2.  Total  the  products  of  step  one. 

3.  Multiply  this  total  by  the  basal  area  facto 
of  the  prism  or  other  angle  gage  used. 

4.  Divide  the  product  of  step  three  by  the  num 
ber  of  points  sampled  on  the  tract. 

Time  can  often  be  saved  if  the  heights  o 
the  counted  trees  are  measured,  while  diameter: 
are  estimated  and  tallied  by  broad  diamete 
classes.  Inspection  of  the  factor  tables  show 
that  volumes  per  square  foot  of  basal  are; 
often  do  not  differ  greatly  among  trees  of  ; 
single  height  class.  For  example,  the  merchant 
able  cubic  volumes  of  trees  70  feet  tall  van 
from  26.2  to  29.4  cubic  feet  per  square  foot  a; 
diameter  increases  from  5  to  23  inches  (tabl< 
3).  Board  feet  per  square  foot  of  basal  are; 
changes  little  with  diameter  when  tree  height! 
are  measured  in  logs  (tables  7,  11,  15,  19) 
Therefore,  the  increased  time  spent  measuring 
diameters  may  not  increase  accuracy  materially 

It  is  recommended  that  diameters  not  b( 
recorded  at  all  when  the  distribution  of  diam 
eters  and  heights  on  the  area  inventoried  in 
dicates  there  is  little  change  in  volume  pei 
square  foot  within  a  height  class.  Point-sampl 
ing  factors  based  on  height  only  can  be  com 
puted  from  the  factor  tables  given  here. 

The  factor  for  each  height  class  can  be 
computed  using  almost  the  same  procedure 
used  to  derive  a  local  volume  table  from  a 
standard  table  (Chapman  and  Meyer  1949).  Di- 
ameters are  plotted  over  heights,  since  height 
will  be  retained  as  the  measured  variable. 

The  techniques  of  point  sampling  have  been 
adequately  described  in  numerous  publications 
(Bonnett'l959,   Grosenbaugh   1952,  1955,  1958). 


Literature  Cited 

Bonnett,  Howbert  W. 

1959.     Guide  for  variable  plot  cruising.  U.S. 
Dep.    Agric,    Forest    Serv.,   Region   4, 
Ogden,  Utah.  38  p. 
Chapman,  Herman  H.,  and  Walter  II.  Meyer. 
1949.     Forest    mensuration.    522    p.   N.   Y.: 
McGraw-Hill  Book  Co.,  Inc. 
jrosenbaugh,  L.  R. 

1952.    Plotless    timber    estimates    —    new, 
fast,  easy.  J.  For.  50:  32-37. 


1955.  Better  diagnosis  and  prescription  in 
southern  forest  management.  U.  S. 
Dep.  Agric,  Forest  Serv.  South.  Forest 
Exp.  Stn.,  Occas.  Pap.  145,  27  p. 


1958.  Point-sampling  and  line-sampling: 
Probability  theory,  geometric  implica- 
tions, synthesis.  U.  S.  Dep.  Agric,  For- 
est Serv.,  South.  Forest  Exp.  Stn., 
Occas.  Pap.  160,  34  p. 


3 


JO  ■* 

■o 

41  3 
-O  .-I 
•H     O 

01    B 

g 


n 

tn 

•h   a> 

en   a) 

a   m 

to  h 

O 

f^i 

H 

O 

oj 

r 

O 

o 

*-» 

o 

o 

o 

CO 

4J 

91 

41 

■H 

c 

■H 

U 

J= 

bo 

•H 

01 

J= 

■H 

(- 

<0 

vO 

4-» 

0 

H 

c 

c 
^r 

o 
eo 

o 
o 

4J 

j=  j: 

00   u 

u  -r*  re 

ai   at  j3 

r/1 

u  J= 

<U 

41             rj 

r. 

(0     W    -H 

o 

c 

•H     CO     (fl 

Q     41    U 

M     3 

-O 

o 

O  m  r-.  on 


CM    en    <J    v£> 


vO  -3-  r»   <T 


-3"  r»  o   -tf 

M»OH 
rl    H    M    M 


<r  n  h  m 


co  cr* 


■JHHvO 


in  m  co  m 


C 

c 
m 

<-<n 

U  i 

I 

\£>    O   lA 

cm  -^  in 

CM    CM   CM 


O  MO  CM  On 
NCOOH 
CM  CM  CO  CO 


co   in  co 
CO    on  o 


co  en  r-.  r- 


\o  on  m  <r 


co  en 

OMA   H   N 

en  o*n  no  en 

cm  en 

en  -sj  m  in 

vO   vC   N   CO 

*J  CM 
ON  CM 


SO  CM  en  MD 


CM  CO 

iH  <H  <T 

\D  coo 


O  on  o  in 


en  m  md  co 


CM  -^  in  \£) 


co  o 


cm  m  <r  m 


O     H  H  fM 


o  o  o  o 


•H  cm  en  -^ 


On  O  H  CM 


cn-3-msD   r-cooNO 


11 

c 

u 

rj 

u 

01 

En 

0 

tl 

M  o  4-t  nj 

O  U-   C  rH 


• 

e-i 

M 

B 

CT 

kO 

0/ 

U 

m 

vT 

f. 

B 

-j 

■H 

-   to 

>* 

•^ 

1 

re  o 

rj 

o 

4-1       • 

<   1 

re  o 

rn 

T3 

+ 

+ 

-J 

o 

+ 

•H    X 

n: 

a 

OXN 

re  q 

a 

XI 

".1 

o> 

r^ 

fcj 

E 

*-  en 

CT1 

eg 

u 

O   C~J 

1= 

c 

c 

n 

■H 

u   O 

*~> 

1 

c     • 

4)   O 

C 

11 

»H 

en 

OJ 

i- 

m 

C 

H 

a 

u 

■u 

u 

-a 

u 

u 

0) 

ct 

4J 

■a 

01 

Cft     CO 
•H     01 

tfl     OJ 


r--   on  \0  ""T  r^  »d"  -J"  co 


r-l   O   rH    C 


o  o 

<t     rH     -H 

<T 

CN    CM 

cs  n«J 

m 

in  vo 

rs  co  cr\ 

O 

r*»   O  vO 
-<r  <-(  r- 


00    CNI 

m  o 
co  -^ 


in  r-  cm  o 
<r  i-\  on  r- 
oo  on  cr>  o 


t— i  oo  r-.  o> 
oo  *d-  fH  oo 

r-.    CO  On   On 


iH   sO   CO 

m  co  cm 
fH  cm  co 


-3"  cm 

O    -H 


ON  co 
•J-  o 
m  vo 


CO  sD 
O  »H 
ON   O 


O    iH    v£>    CO    CM 

CO    N    vD    vO    i£l 

•-a-  m  \o  r-  oo 


\£>  vO  oo 
CM    vO   O 

co  co  -<r 


<roco 

ON   CO   \D 
CN    CO   CO 


CO   O    ON  rH 

m  o  <r  o 
-a-  in  m  vo 


oo  o  m  iH 
o  m  on  -<t 
<r  <*  -<t  m 


00  ON  CM    oo 

r-t  r-»  -a-  o 

iv   N   CO    CTi 


-tf  on  r-» 
in  o  so 
so  r-  rv 


O    O   CM 
ON   -J"   ON 

m  mn  \£> 


r-»  oo 
r-.  <■ 

O^    O    rH    t-l 


cm  r>-  co 
m  r-.  o 

rH    rH    CM 


HCNvJN 
CO  vD  ON  CM 
CM    CM    CM   CO 


CO   O   00   r- 

o  co  m  oo 

CM    CM    CM    CM 


sO   O 
CO   -vT 


in 

■H  rv 

<T 

r-j 

cm  co  co  <r 

m 

on  cm  r^ 

iH 

vO 

rH    CM    CM 

fO 

co 

O  r-. 
r-.   rH 

in  vo 


ON 

~J 

a> 

m 

00 

ON 

on 

r-. 

CO 

o> 

in 

CM 

CO 

■H 

rH 

O    CM 

tC 

ON    \D 

m 

O    rH 

M 

fH    rH 

rH 

CM  O  fH  co   r- 
O    vD    CN   00    -vt 

00   00    o\  CJ\   o 


vO   CM 

o  o 

rH    vj 

30    CM 

sO  O 

•J-    00 

CO   -Ct 

•<t  m 

m  m 

<T    CM 

r»    O 


00  1- 

lj  -H  TO  <-- 

01  01  JD 

<->  X           <D 

<u  a)  £ 

B  u  -a 

TO  W  tH 

■H  TO  tfl   t-H 

-:  (U  i-i    ■ 


H  in  n  ^ 


in  vd  r-~  oo 


u    3 
J3    O 


m   oo        w 
cm    tu  cm    cy 

O  «H      -3 


P     +I-H 


r-l      O      *J      CO 


CO    ON     0)   X 

o  on   a.  o 


co  m 

rH 

m 

•a 

■H 

+ 

+ 

CJ 

+ 

•H    J 

rJ 

en  cm 

N 

rrj   Q 

p 

rO 

01 

r-» 

■U 

VW    CM 

ON 

cd 

O  in 

O 

H 

CO 

m 

*H 

4J    CM 

CM 

4-> 

<u  o  o   ai  i 


10 


o  o\ 

O  Ov 

en  cm 


CM  CM  rH     <H  O  O  (^ 

oo  oo  co    oo  co  oo  r-. 

f«J  N  (N     CS  CN  fN  N 


O  O    CT^  O"*  0">  CO 

vo  vD   ih  ui  i^  in 

M  fN     M  N  M  M 


E 

a  3 
o  *-> 


O"*  o^  o^  cj>  o*» 

0">  CT»  0*i  0*>  CT* 

rg  cn  m  rj  n 


co  oo  oo  oo  r^ 
r^  r-.  r-»  r-»  r» 

CN  (N  (M  (M  N 


(^  IN  N  \D  vO 

m  m  in  m  m 

M  M  N  (N  OJ 


i-i   O  O 

o  O  CT>  CTn 

00  OO  rv  r- 

r*»  fN  vD  vD  v0 

vC  vD 

<r  <r  <r 

-j-  <r  icn  en 

m  m  en  en 

en  m  en  en  en 

en  en 

CM  CM  CM 

<N  CN  'CM  CN 

CM  CM  CN  CM 

CM  CM  CM  CM  CM 

CM  CM 

I 


o  o>  o^  a 

CM  i-\   i-H  .-I 
CM  CM  CM  CM 


CO  00  00  CO 


n  r*  vo  *o 


vd  in  in  in  m 

,h  .h  ,-(  -H  .H 
CM  C^J  CM  CM  CM 


O  CO 

in  \£i  m  *j 

m  en  en  cm 

-J  m 

en  en  en  m 

m  en  en  en 

m^  r>  n 


£  J! 
00  li 

h  -H  q^ 

vi  x: 

Q)    ai  j= 

B  U   T3 


C   -H      U 


CT-. 

r*. 

a. 

H 

CM 

X' 

m 

m 

m 

m 

GO 

cr 

cr 

rsi 

+ 

+ 

_] 

J 

o 

l*s 

00 

00 

aa  cq   y-< 


1 1 


u 

^M 

c 

■H 

c 

00 

^H 

1-. 

i-l 

01 

c 

u 

a 

01 

B 

a. 

M 

X 

■H 

J 

F. 

a 

3 

-i    j:  .-i 


ui  0) 

•H  OJ 
0)  01 


en 

cn 

c 

OJ 

x 

.* 

Dl 

U 

tj 

Q 

m 

a 

<D 

nj 

91 

a' 

.n 

in 

a) 

4-1 

c 

(1) 

■w 

C 

(U 

"t 

r: 

ra 

i 

u 

-n 

U 

■a 

,= 

m 

in 

c. 

■^ 

01 

m 

™ 

m 

u 

a) 

*j 

w 

\D  r*>  On  \D 


m  >-* 

■-< 

n  a>  oo 

O   \Q   <*  \£> 

CM    On 

•r. 

cn  o  co 

r-*  in  -4-  <n 

vO  nO 

r^ 

CO  c>  o^ 

o  h  n  n 

o  m 


cm  cm  in 

-J  CO  M 

cm  cm  cn 


CM     r-i 

CN 

NO 

cm  m 

ai 

•H 

rH     i— 1 

nO    CM 

O 

O    CO 

t£ 

<T- 

.H     rH 

<-. 

On  vO  \D  O^ 
ON  \0  CO  O 
vD  N  CO  On 


in  -j  in 
CO  vO  *^ 
On  O  rH 


cm  cn 
On  cn 
cm  cn 


-^   ON  NO 

in  on 

CM  CM  CM 


m  in  vo  on 
\o  on  cm  m 

r- 1  i-H  CM  CM 


CO  On  cn  On 

HvONS 

<r  <r  m  m 


r-  cn  cm  m 

ts  CM  N  N 

n  ^  ^  m 


in  r-»  i-h  r-- 
cn  r-»  cm  no 

cn  cn  <t  -^, 


<T  rH  o  o 
o\  n  N  rl 
cm  cn  cn  <* 


cn  .H  CM  O 


CO  ON  >* 

cm  cm  cn 
in  no  r^ 


r-i 

<r 

CO 

in 

in 

o 

r-  CO  .H  r-. 

•H  O  O  On 

n  <  in  m 


no  co  cn 
ON  on  o 

vO  N  On 


on  cn  o 
on  no  cn 
no  r^  co 


no  cm  o  -H 
r^-  cn  on  m 
m  no  no  r*- 


in  in  r-.  cm 
i-i   no  .h  r-- 

in  in  no  vo 


•J  O  CO 
H  CO< 
CO  00  On 


cn  co 

m  On 
>3-  -*T 


ON  NO 

O  .H 


0*    CO 

an 

*C 

--t    rH 

r~ 

<t 

oo  c* 

a- 

o 

-J  cn 

*tf  ON 

m  in 


-t  no 

>J  On 
nO  nO 


cm  -^  co  <r 

in  co  h  m 
cm  cm  cn  cn 


tH 

X 

+ 

m 

rj 

m 

a 

x> 

m 

0J 

u-> 

t-H 

4J 

0 

CM 

CO 

■-H 

e 

U     O   -H    I 


^    01    4J    -H 
OP   Q   CO   O 


12 


U     6C 


£  a: 

bO  >-* 

u 

■h   (a 

OJ 

QJ    J3 

Cfi 

*-» 

x 

a; 

QJ 

<u 

,£ 

4J     *0 

U 

Cfl    «H 

c 

•H 

co    wi 

H 

co  -j 

CN  CM 


in  in  co  (^ 
r-  r-»  r-.  r^ 

f-J  (N  CN  (N 


C\OHH 
f-*-  00  CO  00 
(N  CN  N  M 


CO  CO  CO  CO 
CN  CN  CN  CN 


^3-  -J-  -J- 
CO  CO  CO 
CN  CN  CN 


v£>    C7>  O    CM 

n    <T    U*|  vO 

N   CO    0>   O 

O     O     —1     r-i 

t— 1    CM    CM 

•<r  «*  m  m 

m  m  m  m 

m  in  in  in 

n£i    vO   vO   vO 

VD    VO    -sO 

CN    CM   CM    CM 

CM    CM    CM   CM 

CM   CM    CM    CM 

CM    CM   CN   CM 

CM    CM    CM 

i— i  in  on  cm 

CM  CN  CM  CN 


-J  \C  CO  o 
CN  CN  CM  m 
CN  CN  CN  CM 


cm  <r  \&  r- 
o  o  o  o 

CM    CN   CM    CM 


iH  <N  co  -^ 
co  ro  co  co 
CM    CM    CM   CM 


lA  sD   vO    In 

m  n  n  n 

CN   CM    CN    CM 


co  co  <r  m 


r-  co  co  ov 
co  co  co  co 

CM    CM    CM   CM 


u    vo  so  in  t-n 
oj    co  <r  m  \£> 

0)      rH   .-)    rH    iH 


O  cm  m  m 

vC    CO    0>   O 

O    rH    CM    CM 

CO    CO 

co  oo  CO  co 

co  co  co  cr> 

0"»   <J\   O    CJ-* 

o  ctv 

CO  -J"    CN    CT\ 

<r  co  cm  in 

r*»  o>  i-h  co 

<r  m  \o  n 

co  o 

rH   CN    CO    CO 

<■    >J    lT|    ITI 

in  m  \C  vo 

\D  \C   vO  ^c 

MO  \T 

13 


l-< 

*-» 

01 

X 

u 

« 

oj 

•H 

S 

(1) 

id 

J-' 

-a 

P 

B 

rJ. 

a 

n 

C 

0 

u 

■H 

H 

w. 

I 

P>. 

3 

O 

r- 

LO 

VO 

o 

i£> 

m 

m 

c 

m 

P. 

0 

u 

c 

i 

tn 

•a 

O 
u 

w 

a 
o 

0 
0 
in 

o 

H 

0 

M 

X. 
E 

2 

o 

to 

r-i 

O 

<N 

w, 

H 

O 

H 

CO  *-. 

^    -H  (0  -^ 

<U  01  £ 

•H    eg  w  m 


>C    N   C>  vD 


m  r>  <  <j 


n  h  n  o 


o 

O 

<r 

CM 

ro 

p*. 

<r 

in 

CT> 

CTn    ON 

O    fH 

CI 

•<r 

v^D 

<r 

in  »o 

co  cr- 

o 

CM 

^H    fH 

fH    tH 

rj 

CM 

CM 

m 

oi  in 

m  oo 

•sr 

ro 

M0 

oO 

r-  r^ 

GO 

CT^ 

O 

m 

■*3-  in 

<X>  r*. 

CO 

ON 

f-H    »H 

fH    fH 

CM 

en  -j- 

r-*  en  cm 

-3- 

o>  r-  r- 

f~A 

r*. 

\£> 

o^  -J" 

rj 

V-C 

CO  o> 

m  cm  on 

u0 

m  h  o> 

OO 

M0 

in 

<■  >J 

-<T 

<r 

St 

\D   \D 

r-  oo  co 

o> 

OHH 

OJ 

ro 

<r 

m  \© 

P^ 

co 

o^ 

fH   fH    «H 

tH    fH 

■H 

O 

o 

ro 

CC 

M0 

o 

to 

m  mo 

O  r*» 

vD 

r^- 

CN 

o. 

oo 

CO 

00 

ro 

a> 

in 

C-1 

CO 

m  cm 

O  r^ 

in 

ro 

n 

O 

<t 

m 

in 

vO 

MT< 

r- 

oo 

OO 

ON   o 

ft    rH 

H 

ro 

m 

rH 

m 

<D 

CT\ 

-J 

CM    CO 

M0    fH 

GO 

00 

t-t  in  cn  cm 

•<r 

OO 

m 

<r 

m 

o> 

m 

CO 

CO    00 

cn  cr> 

<r 

o 

r-»  cn  O  r-. 

-3- 

H 

CT^ 

m 

m 

<r 

<r 

in  m 

■>£>    ■£) 

r» 

OO 

CO  CT\   o   o 
tH    .H 

rH 

CM 

rH 

ro 

CM   >X> 

CM 

cr-- 

CO 

o> 

cm  r-» 

m  m  \o 

o 

MO 

in  un 

OO 

cn 

CT 

o 

m  oo 

in 

ON 

ro 

00    CM 

r-»  cm  r- 

ro 

CO 

-a-  O 

\C 

m 

O^ 

MD 

m 

en 

ro 

<r 

-j-  m 

in>o>c 

r-» 

CO   o\ 

CT« 

o 
r-t 

O 

f-H 
rH 

vD 

m 

in 

00 

m 

CM    CM 

>T    0O 

-d- 

cm  <r 

co  cn 

rH 

ffi 

m 

00 

OJ 

m 

o^ 

m  r-* 

i-t  m 

O 

m 

o  in 

O   vO 

CM 

H 

cm 

ri 

n 

rn 

ro 

rO 

<■  »tf 

in  m 

vD 

vD 

r—  r-- 

CO    CO 

01 

ON 

CM 

co  m  cn 

•it 

■*£> 

OO 

rH    M0 

m 

CM 

CM 

<r 

CO  cn 

*3 

r*. 

cr>  cm  m 

oo 

<r 

CO    «H 

in 

O^ 

ro 

P"» 

.H   M0 

H 

-h 

tH    CM    CM 

rj 

en 

ro 

en  *^r 

<r 

-J 

m 

m 

SO    v£> 

o 

Oi   CJ~* 

O    -T    CO 

in 

OJ 

en  v£> 

H 

cm  -o- 

r-»  0"\   »H 

<r 

r~~ 

C 

m  so 

ej\  CM 

.H 

i-t   tH   CM 

rj 

CM 

ro 

m  en 

cn  <r 

ro 

ct\  in 

m 

CO 

ro 

cr. 

o 

CI 

<T 

\D 

00 

O 

CM 

m 

<r  m  \o  r^ 


mo  r*-  oo  o> 


nl 

c 

a 

0) 

( 

u 

h 

(  ~ 

o 

^ 

OJ 

C-J 

^r> 

01 

o. 

M 

cn 

u 

o\ 

01 

rt 

r* 

XI 

o 

^H 

3 

<  1 

J 

^H 

o 

JCsl 

C 

r-l         O         *J         Ul 


U-i 

0)    fH 

CI     o 

•*  rH 

1-1 

rH     CO 

0)    X 

rH    m 

fx  o 

•   CM    O 

c 

ffl  a\  <t 

CO    ^H 

tn  ^J  kJ 

tgrsl  tsl 

0J 

.0   Q    O 

QJ 

.. 

vm  so  r^ 

AJ 

a 

O   w  00 

id 

u 

r^  o*. 

K 

c 

4_»  m  m  -h  -H 


u  o   o    OJ  i-l 
X  3 

OJ    II      «    in  in 


U  -h       c  e 


14 


43 

44 

or 

M 

u 

■H 

ffl 

4J 

43 

43 

4J    T3     U 
W    -H     C 


r*")  ro  C>  ro 
ro  m   ro  f> 


CM   CM    CM 


r-  \D  <t  rn 

mm  iri  m 

CM   CM    CM    CM 


o\  r**- 

in    -s3"    Csl    rH 

ct  m 

m  m  rn  m 

cm  cm 

CM   CM    CM    CM 

cr>  oMr-  in 


CO   CM    O    CTi 

rH   fH    rH    O 
CM   CM    CM    CM 


<r  m  m  cm 
r^  p^  r^  r-*- 
cm  cm  cm  cm 


CM     rH    «H     O 

in  m  in  in 

CM    CM    CM    CM 


O    O    O^   CO 


co  r-  r*.  vo 

o  o  o  o 

CM    CM   CM    CM 


rH    r-t    O    O 

r-  r-.  r^  r>* 

CM   CM    CM    CM 


<T\   ON   CO    CO 

-3-  <t-  <r  -a- 

CM    CM    CM    CM 


r-.  r-»  \£>  \o 

CM    CM    CM    CM 
CM   CM    CM    CM 


o  o  o  o 

CM    CM    CM    CM 


CO   CO   CO 

v£)   vO    \D 
CM    CM    CM 


vo  in  in  in 

CM    CM    CM    CM 
CM   CM    CM    CM 


CM 

C  J 

Q 

Q 

■*s 

■^s 

O 

O 

>£> 

ro 

'X.) 

O 

Ti 

cj 

r^ 

O 

a 

in 

rj 

>H 

in 

+ 

+ 

►J 

J 

r^ 

vD 

Cr- 

C 

ga 

o-' 

>     > 


15 


01 

* 

u 

bl 

0) 

■^ 

B 

01 

■rl 

-n 

TJ 

Ci 

3 

cn 

VI 

c 

u 

tH 

0) 

60   M 

4-> 

-D 

u 

•H     ffi 

0) 

ra 

(it 

CU  .O 

cn 

0j 

j-j 

i-t 

£ 

QJ 

14-j 

c 

QJ 

0) 

£ 

ra 

y 

4J   *TJ 

o 

q   <u  w  ^ 


On   00    CN   CN 


Hrs  h  n 


rH  m  o  m 


N   OS    vD   < 


r-  -<r  <■  cn  »-t 


CN    O    <-H    O    rH 


rH  <r 
r-  CN 
>3-    m 


00    CN 

oo 

r*. 

m  o> 

vC 

•H    rH 

CN 

O    O 

m  oo 

<r  r*. 

o  cn 

CN 

CN 

^3-  ,_i  ^h  ^r 

O  CO  vO  »J 

On   O   O   H 


m  r.  H  co 
cn  o  co  m 
oo  ot  o*\  o 


H    H>J 

cn  cn  r-t 

cn  cn  -j- 


-j-  oo  m 
m  co  -J 
m  m  vo 


cn  ca 
r^  co 

rH    rH 

CO 
CN 

o> 

a 
o 

ON 

iTi 
.-H 
CN 

\D   CO 
CA   CO 

cn  -a- 


CN    O    rH    m    rH 
CO  00  00  OO    0"» 

m\o  n  co  o^ 


cn  m  o 

n  ro  <■ 


in  m  r-  r*- 

n  din  a> 
cn  cn  cn  cn 


cn  r-»  m  m 
>j  n  h  m 
cn  cm  m  m 


r-   vD  oo  CN 

CO  d  00  -T 

<r  m  m  \© 


o  <r  rH  o 

-j  co  n  co 
<r  -*  m  m 


cn  cn  ■<!•  r-. 

CTi  n  h-  H 

cn  **  -^-  m 


r^    CN    O    rH 

\o  cn  o  r- 
r^  oo  cr<  o-> 


cn  co  o  <r 

o>  m  cn  oo 

vO   N    CO   CO 


H<-   O  CO 

cn  oo  <r  o-» 


CO  cn  cn 
O  rn  r- 

CN    CN    CN 


m 

CN 

ao 

SO 

m 

(N 

m 

-» 

•-i 

rH 

rH 

\0    CN 

H 

v£>   -3- 

CN 

m 

.— l    rH 

•H 

O^HO 
cn  oo  m  CN 

C\  <Js   O   H 


O    On   rH 

rH     in    rH 

vO  vO  r» 


m  o  r»  m 

<COHiA 

n  ci  >j  -j 


m  cn  o 
r-»  o  cn 

rH    CN    CN 


N     00O\O  rH 


in  \o  r-  oo 


O    J=     4)    O 


r»    <u    a 


x  a  H    o 

CM    (N  fl 

a  Q  +1  -h 


O      O     *J      0) 


CM   r^    ct>   „c 
o  o    a  o 


ffl     N    H    »    N 


+  1    M 


«H 

re 

X 

rocN 

fNJ 

a 

o 

a 

J3 

a) 

m 

i-j 

u-. 

CT> 

cn 

« 

0 

cn 

(SI 

e 

^H 

.-1 

•h 

ij 

o 

O 

u 

c 

l/> 

11 

O 

o 

OJ 

x    r     I    <"  <« 


16 


O   O    O^   CT> 
O   O   CT\  O 

m  m  cm  (Ni 


oo  co  oo  co  oo 

C7^   CT»    Q*>    CJn    O"^ 
CM    CM    CM    CM    CM 


r-»  r»  r-  r-  fv 

0*>    CTi   CX*    CTv    O"* 
CM    CM    CM    CM    CM 


CM    iH  O    O    CO   00 

oo  oo         co  r^  r^  i — 

<M    CM  CM    CM    CM   CM 


r-  r-  r-.  \o 
r-»  r^  r-  r^- 

CM    CM    CM    CM 


in  m  <r  vj  ^j 
r»*  rv,  r^  r*  r-* 

CM    CM    CM    CM    CM 


4J     DC 


iHi-HOVCO  N    N    »0   m 

volvo  in  in        in  m  m  in 

CMCMCMCM  (MCMCMCM 


m  m  m  cm  cm 
in  in  in  in  in 

CM   CM    CM    CM    CM 


CM   CM 

m  m 

CM    CM 


c 

in  ov  m 

m  oo 

CM 

CM  cm  en 

m  m 

CN 

CM  CM  CM 

CM  CM 

-a-  ov  ^  r-. 

O  CM 

ov  o->  o  o 

H  H  rj  CM 

CM  CM 

r»  \D        m  vj  m  n 
mm        m  en  en  m 

CM    CM  CM    CM    CM   CM 


.H   C    C   O   C 
rn  en  m  en  en 

CM   CM    CM    CM    CM 


\o|vD   lA  in 

vC     '£>    vl     \f 


O      ^H  C 


\C      CM 


co  en 
C 

•H  01 

<+*  C 


01     OJ   X 


r--  co  ov  o         i-H  ' 


m  \o  iv  co 


•h    fl    en  w 


1  7 


U    J3 

a;    nj 


/)     W 

■H    a) 

•J)    V 

fl     M 

CQ    H 

o 

^ 

o 

SO 

m 

m 

o 

m 

O. 

O 

4-< 

X 

<J 

d 

in 

■H 

1 

-J- 

ID 

O 

u 

w 

oc 

o 

O 

H 

^J 

l-> 

0 

o 

lu 

\D 

H 

m 

UJ 

0 

en 

N 

01 

J3 

S5 

o 

o 

m 

CM 

o 

CM 

in 

■H 

O 

1-1 

j-i 

j=  .* 

00    M 

1j  -h   «  ,-* 

0)     <U    J3     U) 

u  £         a> 

4)           0)  X 

B  y -a  u 

(U    en  -h   c 

•H     <0     tfl  H 

O     1    uv 

H    3 

j: 

o 

i-t  m  o  m 


r*.    ON  vO   -J" 


p»  -j  ^  n  h 


O    rH    O    «H 


<t 

r- 

m 

d 

<T 

O 

o 

O 

cm 

m 

u-i 

'JD 

r-> 

00 

ON 

a 

— 1 

rH 

rH 

rH 

rH 

rj 

Oi 

cm  vO  -<r 
rH  r-  «^ 
r-  r-»  oo 


<r  co  m  >«t 

rH     CO    VO    "J 

0>    O^   O   »H 


n  n  in 

M    rH    O 
CM    O    <T 


O   -J- 
CM    vO 


in 

in 

O 

in 

to 

—f 

o 

vO 

m 

in 

rH    -J" 

on  r-  oo  cm 

cs  oo 

-J    H   CO   iO 

r-.  r-* 

co  on  on  o 

oo 

CO 

On 
CO 

rH 

CO 

in  cm 
00  r-* 


rH  CM 

O  rH 

O  rH 

CM  CM 


m  n  n  m  ij 
«x>  in  m  m  in 

m  m;  rs  co  a 


<J-    vO    rH    ON 

CO    -«T   HN 

I-*  oo  on  on 


o  c*> 

CM    CM 


in  in  vo  vD 


h  nco  st 
r-  rH  m  o 

\t  m  m  »c 


o  m  -<r 

rH   r»  cn 
r^  r-.  oo 


en  -j- 
in  o  m 

vO  r-  r*- 


O  O  CM 
CO  rH  ^3- 
rH    CM    CM 


in  cm  o  O 

n  h  in  Oi 


cm  n  N  IN 

\TNOst 

cm  cm  cn  en 


^o 

m 

CM 

tO 

<r 

<r 

O 

<r 

oo 

<-\ 

m 

<j 

on  rH  r-.  m 

\t    IN    Ji    N 
O    rH    rH    CM 


m   CM 
O    O 


O     O     rH     in    rH 

r-.  en  cr>  m  cm 

00   Cn   On   O  rH 


o  m 

en  en  ^  r». 

^  oo 

IN    vOOvT 

<r  -J 

m  m  vo  vo 

00 

•<r  cm 

rH 

o 

cm  m  <y  m 

-x> 

O  <r  on 

<-4 

CM    CM   CM 

m 

-T 

^    O 
CM    vD 

m  cn 


r-  oo  on  o 


HNft-J 


m  no  r-  oo 


h    u   m    a) 


Q      +1  -H 


ON 

^ 

m 

-a- 

m 

•^ 

ON 

sj- 

Cfl 

I**. 

4-1 

to 

m 

m 

to 

•n 

+ 

+ 

U 

■H 

►J 

r-l 

m  cm 

01 

Q 

o 

j=i 

CM 

to 

M-| 

r- 

n 

cs 

tO 

cn 

m 

•u 

CM 

r-j 

+  1  oo 


(U     O     O      <U    »H 


18 


«n  sf  n  n  (N 
fl   ("""I  en   en   en 


OOOvO 

.-)  o  o 


-4-    CN    O    ON 
O  O    O   0\ 

en  en  en  cm 


©  >jj  m  m»i        n  M  n  h  h 

C^    ON    C^    CT<    CT»  ON    ON   ON    ON    CX^ 

CM    CN    CN    CM    CN  CM    CN    CN    CN    CM 


CNJ    ON   \0   <T 

o\  00  CO  oo 

CN    CM    CN    CN 


co  ao  r--  f-. 

(N   (N    CM    M 


\o  m  vj  n  (n 
r»  r-»  r-  r-»  r» 

(N    (N   (N    N(N 


m  co  <r 

ico  r-^  r^ 


o  Mnrj 

ocOMn 

<-  en  cm  .-i  o 

O    ON 

r-»    \D    vO   v£> 

vom  in  in 

m  in  m  m  m 

in  -j- 

CM    CN    CM   CM 

CNJ   CN    CM   CM 

CM    (M    CM    CM   CM 

CM    CM 

-j-  -a-  <r  <r 

CM    CM    CM   CM 


ca  h-  m  >j 
en  en  en  en 

CM   CM    CM    CM 


en  cm  .— i  o  ON 
ri  m  en  en  cm 

CM    CM    CM    CM    CM 


CO   h-   fN  ^O   \£> 

cn  en  en        o  fo 

CM    CM    CM  CM   CM 


m  o 
en  en 

CM    CM 


CM    CM    CM   CM 


in  m  <j  rj 

CM   CM    CM    CM 


t-H  O  ON  CO  r- 
tH  rH  O  O  O 
CM    CM    CM    CM    CM 


rH 

o  o  o'on 

in  cm  o  r^ 

in  en  CM  rH 

ON   CO 

•-»  <-i   HiO 

O  O  o  on 

ON    ON    ON    ON 

CO   CO 

CM 

CM    CM    CM'CM 

CM    CNJ    CM   fH 

i— 1    .-H    <— 1    <-i 

f-t    rH 

en  cm 

rH    O    ON    ON 

CO    CO   CO    CO 

vO   vO 

vo  vo  in  in 

m  m  m  in 

»h     m      -h 


m  i-t 


CD     CO 
0)    J-i 


h  -H  ID. 

OJ  0)  JD 

cu  oj  j: 

S  *-*  is 

fl  in  -h    c! 

•H  ID  WH 

O  CD  4J  • 

l-i  =1 


19 


r-H  -a    o 


If) 

m 

c 

tH 

(li 

w 

xt 

Hi 

ig 

at 

j-j 

01     (Q 

•h   a) 

<n   ai 

<a   vj 

CO    H 

o 

m 

.-H 

O 

CM 

rH 

O 

O 

o 

""" 

w 

a> 

01 

U-J 

c 

o 

•H 

o\ 

U 

-C 

M 

0) 

.c 

o 

rH 

00 

TO 

U 

o 

H 

o 

r^ 

O 

^D 

o 

u-l 

o 

^ 

4-1 

J=    .* 

00  H 

U    -H     fl]   ^-* 

0)     0)    xi     Ul 

u  x:        m 

at        at  x: 

-H     IQ     If)   H 

q   at  u  --' 

U    3 

XI 

O 

vo  cm  co  cm 


M3   I —   0"»  MT> 


ins  ^  vr 


CO   iH   CM    O  -HO 


r-  mo 

O   MO 

in  m 


vO  M  fl  N 
M  O  00  vO 
00    On   On   O 


o  h  von 

MO    CO    O   00 

r-  oo  C\  o*> 


vr  >r  co  in 
m  -<r  co  co 

h  rs  n  ^ 


co  r-»  co 
vD  ^  co 
O  H  cm 


m  <r  f-* 

cm  r-* 

-4"   CO 

n  m  oo 

cm  m 

0>   CO 

rH    .-1   -H 

CM   CM 

CM   CO 

rO   S  -C    M 
M0  «H  r-    CO 

-J  in  in  v© 


oi  oo  c»  co 

H  vOHN 


m  c*  in  <r 
r-.  .-h  mo  f-H 
ro  -*  «*  m 


co  en  -a-  <r 


CT>    MO    M0 

co  *r  m 
mo  r--  oo 


o 

r- 

OO 

o 

CM 

GO 

o 

CM 

CM 

in   f-H    O    CM 
i-H    r-f   tH    t-H 


Mn»o 

t-H    CM    CO 
00    CT»   O 


O  00  o> 

vO  CJ  0> 

r-.  oo  oo 


o  o  i-i  m 
co  oo  m  f-H 
mo  mo  r-»  oo 


m  oo  <r  cm 
\D  H  N  en 
in  mo  mo  r- 


co   <J\   CO  i-t 

N    ^    N    H 
0>   O    H    N 


CM    CM    -J" 

oo  m  cm 

00    CTN     O 


cm  m 
o>  m 
r*»  oo 


co  co  <■  -<r 
mo  cr»  cm  m 

H   H    (MM 


MO  CO 

in  cm 

O  r-H 

f-H  f-l 


r-  co 
a*  <r 
m  mo 


cm  r-. 
O  in 


h.  h  n  m 
co  cm  m  on 

CM    CO   CO    CO 


m  mo 
co  r^ 


0\    \D   <T 

m  oo  th 

fH    iH   CM 


O      ,C       0>     O 


B      X     f-H 
CM      CM 

Q      O      +1   ■ 


^h    m    ai   x 


O      Sf     CM     i-l 


-J     N    r-    M 


+  1    M 


Q>      O     O      0)     tH 


20 


<u  .c 


■H 

c> 

j:  j! 

60   1- 

■O 

1-t   «H     (fl 

OJ 

re 

V      1*     JD 

Cfi 

0) 

^j 

<->  j= 

gj 

S     4-»    T3     O 

«d    to  «F-t    c 

•H     <fl     (0    t-t 


r-.  oo 

C*   O    O    — t 

H    CM  rs  M 

co  co  co  co 

CO    -3-    -tf 

On   0> 

cr*  o  o  o 

o  o  o  o 

o  o  o  o 

o  o  o 

CM   CM 

cm  co  co  co 

CO    CO    CO    CO 

CO    CO    CO   CO 

CO     CO     CO 

cm  co  -j-  in 


rHcomr-.         oo  o>  o  H 
-s-^-^-J        <?  <t  m  m 

CMCMCMCM  CMCMCMCM 


»n  md  r-  r^- 
r-  r-*  r-«  r» 

CM  CM  CM  CM 


r-  o  cm  co 


00  o^  o>  o 

CM  CM  CM  CO 
CM  CM  CM  CM 


00  OO  OO  cr* 

r-.  r»  r-*  r-. 

CM  CM  CM  CM 


<  >j  in  m 
m  in  in  in 

CM  CM  CM  CM 


O  i-l  «H  rH 
CO  CO  CO  CO 
CM  CM  CM  CM 


CJ\  CT^i  0\   O 

f*.  r*.  r-^  co 

CM  CM  CM  CM 


in  vo  mo  mo 
in  m  m  m 

CM  CM  CM  CM 


o  c  o 

CO  CO  00 
CM  CM  CM 


0\HOC0 

-J-    vO   CO    O 

h  n  n-* 

m  in  \D  \o 

r^  h.  oo  co 

00  oo 

m  r-.  co  oo 

0*\    Qi   CT*    O 

o  o  o  o 

o  o  o  o 

o  o  o  o 

o  o 

rH    r-(    iH    rH 

r-t    .H    -H    CM 

CM    CM    CM   CM 

CM    CM    CM    CM 

CM    CM   CM    CM 

CM    CM 

cm  <r  \o 

r-»   00  O  O 

.H    CM    CM    CO 

CO   -tf 

r-*  r».  r» 

r*.  r^  r*  oo 

OO   CO   00   oo 

CO    CO 

\£>  r-t  m  co 


O  f-i    CM  CO 


-j-  m  mo  r— 


C  C    u 
•-I  .-I    O 


?  g 


p  J 

CM 

p 

Q 

^x. 

-*. 

CTi 

o> 

en 

-T 

rO 

o 

in 

m 

CM 

a-. 

CC 

o 

c^ 

00 

m 

0> 

m 

in 

CM 

CM 

II 

11 

PQ 

PQ 

> 

> 

21 


<T    <T    (N    LTl 


\&  (■*•»  o^  *£> 


f>  -~t   CN   O 


tn 

in 

O^ 

to 

VJT1 

o 

r-- 

CO  eg 

r*. 

r*. 

CO 

O 

CM 

>J  r*- 

-a- 

u-, 

t£ 

ai 

o 

rH 

oj  en 

H 

rH 

H 

t-H 

rH 

n 

CM 

CN  <N 

rH     H     IA    TJ 

n     •    3 

O    H    O    rH 


+  I-H 


O    X      •     H 
14-1  U        U 


tu   <r   o>   in     i 


T3   oo   r~   H 
o    +    +    +|  oil 


.o    o   a    a 


o   m  ~s  e  e 

co  *o  v-t  *H 

u   o  -*r  *J  i 

c   n  (ni  to  ^ 


0)  to 

c 

•H  0) 

«-i  c 


J=  J! 

SO  IJ 

^    *H  n3 

aj    a*  _o 

tu  0)  £ 
But! 

tti     to  -H     . 

■H     «  X  t-t 

Q     a)  U  ^ 

H  3 

J3  O 


to     >    >      to     flJ 


-d-  in  vo  r*. 


tsi  ct  -j-  m 


22 


o 

h* 

in 

*£> 

o 

tfi 

m 

in 

o 

m 

D. 
C 

s: 
u 

c 

■H 
1 

CC 

m 

o 

n 

oc 
o 
H 

i-> 

c 

o 

o 

a? 
u-t 

0 

in 

e 

3 

i-. 

o 

ro 

in 

eg 

o 

in 

1-1 

o 

OJ    0)  xi    w 

ty         m  x: 


en  cm 
m  en 
m  m 


o  <r> 
iH  o 
en  en 


en  o 

CO   vO   "-J    CM 

O    OM»N 

o  o 

CT">   CT»   CT>    CX* 

cn  co  co  oo 

en  en 

CM   CM   CM    CM 

CM    CM    CM   CM 

HO    OMX)  CO   M^ 

CO   m    CM   CM  CM    CM    CM 

m  en   en  en  en  en  en 


co  s  r^  vd    in  <•  -J 
o  o  o  o   o  o  o 

en  en   en  en  en  en  en 


\C  m  <r  en        en   cm  i-h 

CO  CO  CO  CO     CO  CO  CO 
CM  (M  CM  CM     CM  CM  CM 


CO  -^   rH  CO 

m  en  r-i  o\ 

co  vc  in  *j 

en   CM    <H   r-i 

00   CO    CO    N 

r*-  r-  r-  \o 

\£>     \Q    SO    VD 

\D   vO    sD   vO 

CM   CM    CM    CM 

CM    CM   CM    CM 

CM    CM    CM    CM 

CM    CM    CM   CM 

\£>  o 

vo  cm  co  m 

m  o  a\  r* 

m  -j  en  cm 

•-t  o   O^  CO 

r».  r-» 

md  \o  m  in 

in  m-j  ^ 

-j  -3"  -J-  <r 

•14  mn 

CM   CM 

CM   CM    CM   CM 

CM    CM   CM    CM 

CM    CM    CM   CM 

CM    CM    CM    CM 

CM    O   en  CO 

en  o>  v£j  en 

O    CO   \D    ^ 

en  r-t  <d  ey\ 

vO|vo  in  -j 

•■3"  en    en  en 

en  CM  CM   CM 

CM    CM    CM   CM 

CM   CM    CM    CM 

CM    CM   CM    CM 

CM    CM    CM    CM 

O  v©  en  o 


co  in  m  cm 
O  O  O  O 

CM    CM   CM    CM 


CO    \£> 

in  -j-  -<r' 

O    O 

o  o  Ol 

CM    CM 

<r  en  h i        o  o\  o>  co 


\o    in         th 


cq    co 
>    > 


O   H   (N    n 


vj  m  vo  i*- 


co  c\  o  h 


Agriculture— CSU.  Ft.  Collins 


23 


c 
c 
re 

e 

co 

.3 
cu 
3 

73 

u 
re 
0 

CD 
0) 

U 

H 

o 
u 

C 

5 

ii 

CD 
M 

o 

£ 

tM 

co 

"3 

C 

•7M 

-a 

to 

X 

a 

0 

^ 

00 

0) 

.-3 

a 

a 

CO 

s 
w 

u 

o 

y: 

« 

re 

re 

0 

CU 

X 

73 

C 

o 

CO 

A 

re 
■z 

re 

6 

0 

.-3 

CM 

CU 

0 

C 

E/3 

CO 

u. 

Irt 

o 

a 

3) 

M 

to 

o 

,3 

X 

O 

CU 
•    « 

< 
0 

CD 
M 

0 
&H 

x 

c 
re 

s 

3 

u 

c 

X 

-o 
C 

re 

CU 

E 
3 

0> 

E 

K 

Edminste 
-sampling 
yoming.  1 

So 
s  u 

O    to 

cu 

-a 
c 

re 

73 

« 

CU 

C 

J3 

o 
C 

CO 

c 

3 
> 

00 

a 

o 

> 

CU 

— 

C 

| 

ft 

m  c 

£ 

>> 

o 

CM 

CO 

□ 

U3 

CO 

CJ 

c  o 

■e 

CJ 

u 

u 

c 

* 

CU 

o  a, 

e 

a 

ij 

s 

3 

3 

X. 

CU 

E 

X. 

CU 

a>  73 

"3  £ 

O   co 

73    — « 

cd 

73 
— 

o 

CO 
M 

— 

o 
6m 

c 

0 

3 
o 

13 

o 

2 « 

3 

M  J3 
cu 

ai  3 

2  <■* 

s 

s    . 

73W 

Go. 

E 
_5 

«  2 
r  ai 

o 
U 

id 
— . 

a 

cu 

CU 

> 

0) 

E 

<  E 

a 

§ 

c 

0) 

;/: 

CU 

+ 

CU 
CU 

3 

■a  3 
S3  > 

0) 

u 

CD 

B 

re 

0) 

cu 

<*- 

c 

re 
p 

3 
cu 

II 
> 

> 

-~H 

a. 

M 

cu 

S 
3 
73 

■o 

!• 

H 

■si 

"c^ 

x 

Cm 

p, 

re 
0 

CU 

E 

-a 
- 

o 

CO    OS 

S-    r-t 

> 

-C 

s 

0 

i 

CD 

be 

>. 

>. 

O, 

V 

CU 

4) 

CU 

S 

c 

CU 

£l 

US 

W 

CU 


C  -i 

CO 


M 

.  ;-  ^ 
I  cu  re 
C/3(T4 

to  "O 

cu   C      . 

i-     re    rH 

O         cm 

^  tog 

<  2°° 

Q    O    O 
03  fc<  T3 

P    c    2 
.  .m    O 

M«    O 

,5co 

O    co 


S  o 


H  cu 


2  § 


«  c 

c  o 
o  a- 

cu  73 

b  S 

re  c< 

U     CO 

-«   cu 

T3   — 

re  « 

•  a> 

<  E 

•O    3 

P 


cu 


^5 

^  >>  o 
C  o  c 
o       U-, 

"°  «    ' 

2    ~3 

-  §  3 

o,  re  cu 
5o  CL,  a. 


■<->   a   ° 
cu  2   3 

*"  J3  oo 
^3  -3 

3^ 

T3 
73  C 
C    ^ 

re  _£ 

O    CXI 

cu    3 

cv'V  o 

en  CO    « 
CU     O     CU 


r3 
3 

cr 
cu 

cu 


•o  3 

£.2 

re- 

J3> 
o     . 

3  co 
•7  M 
CO    O 


°   3 
re 


cu  C/3 


2  «^ 


°  2 

a, 
o 


3  3 
Kg 

3  3 

cu   C     . 

S2  + 

re  —   II 

C    CD  ^ 

2  rt  c 

3 


cu 

■cu 

E  :d 

3  c 

o  g 

>  I 

cu  o> 


X) 

cfl 


E-S 


•■£  O 

cu  T,  CD 

cu  ^  3 

^-i  -G  ^j 


o 
>. 

CU 


cu 

2    M 

as 

I E 


:  *  cu 

0  cu  re 
:  t/3  a; 

1  ^^ 

co  T3 

;  cu  c    . 

•    O  cN 

i  L  r;  w 

>  <  F  co 


j2  "O   - 

o  3  cu  o 
-  re  • 


CD  i 


Q  3  o 
tfi  fc  2 
|D2  S 

.3    C  O 
6   3      . 

3    O    co 

,  £s.s 

m  c^  ^^ 

o      fc, 

"3   «      ■ 
re    D-,  r^ 

2£2 

o     .re 

a>  evj 

■Ssc 

o,re   cd 
co  CU    C 


5  Of-  a) 

o  re 

«  re  o  5 

O  -  Xj 

*"  o.*  2 

—  O    cj  3 

CD  'T1  CD 

*-  J3" 

cu  " 


T3 

3 

re! 


•3  °°      n, 

f  i   o  cu 

3  oo  re  -3                3 

CJ  _  o               — 


c  o 

o  a. 

4)  73 

"3  2 

re  « 

U  co 

_  CD 

73  — ■ 

c  2 

re  « 
r  n 

<  E 

73    3 


7-1   C  -3  k> 

2  re  «  • 

3  -  3  co 
"•  3  '7  6u0 
^  cu  ceo  O 
cu  3  "— ' 
cu  "T*  O  ■*- 

'—   'JZ     —      — 

cu    O    CD    S2 

1S3I 

re        cu   3 

•      C 


z 

a 

^ 

w 

'.1 

& 

cu 

c 

o    _ 
~    3 


S  .- i  73  55 


-T 


afi'N80 

cj  13  cu 

CDC«    ««    + 

*  «5  •§  c  " 

co  ^J  re  —   II 

«J  3    CD, 

P  73    l-i     u 

3  t-  cd  re 


2  « 

71;    o 


CD  ^ 
CD    «< 


CD 


3  -  e 

O    O   3  «  £ 

>  a  -3  O 

n.  cd  -r.  cu 

°  2  3  ^ 


2^ 
re 

CD    C 

e| 

3    co 
O    « 


CD    3 

CD  — 


o 
cu 


<A  w 

CD 

£    3 
cu  re 

to  "3 
cd   3 


u2 

2  oo 

co    c 

3  £ 

"3    « 


< 

Q  o 

cV3  PU 
P 


to  0 
cu  c» 


.3   O 

w>5  o 

2  s  o 
E  3    - 

3  O    co 


■CS 

c  3 

.3    ° 

r^i    73 

c 
re  re 

2  «, 

3  2 

CD 

<"  &  c 

■^    3 

^2  3 

73 
73    3 

3    ra 

re  jg 


cu  o 
E — "  cu 


3  O 

3 

cr 


7r 
C= 


2  6 

S  3 

re- 

J3> 
cu     . 

3  co 
•7  00 
co    O 


E   :~ 

2  I 

O    a 

>    S 

cu 

CD     C5> 


CQ  c^  r^^ 


c  o 
o  a. 

O  73 

~  2 

re  re 
O   to 

—    CD 
73    --. 

C  J= 

re  ra 


r»o 

Si 


CO  <-"    o 


CO    O 


<  E 

73  3 

5  O 

S"!  > 


>> 

S 


o  ( 

^-     ^M  ^_, 

o  co 

as  c/j 

-  3  3 

i*E 

q,  re  cu 

CO   Oh  O. 


cj    O 

'2 

3  cu 
°  3 
-  OS 
re 

— ^    u 

o  cu 

~  c 

af 

cu 

CJ  C/J 


rd 


CD 
E  "3 

2  « 
°  2 
>   . 

d. 

o 


o   3      . 

.2t3K 

73  «-° 

32    + 

■3Crt 
re  —    II 

3    CD  ^ 

cu  re  _ 


E-5 


cu 


.3  ° 
^00*" 
CD  -7!    CU 

V-l       ^H        ♦-< 


>| 

CD  3 

CD  — 

u  O 

H  > 


0 

>. 

cu 

us 


Forest  Service 
ch  Paper  RM-96 
r  1972 


Mountain  Forest  and 

Experiment  Station 

Service 

spartment  of  Agriculture 

)llins,  Colorado 


FLOW  AND  CHANNEL 
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TWO  HIGH  MOUNTAIN 
STREAMS 


by  Burchard  H.  Heede 


ABSTRACT 

Steps  provided  by  logs  fallen  across  the  channel  added  to  flow 
energy  reduction.  The  streams  required  an  additional  number  of 
gravel  bars  to  adjust  to  slope.  Average  step  length  between  logs 
and  gravel  bars  are  strongly  related  to  channel  gradient  and 
median  bed  material  size.  More  bars  formed  when  fewer  numbers 
of  logs  were  available.  Although  these  are  "rushing  mountain 
streams,"  most  values  for  flow  velocities  ranged  between  0.5  and 
2.5  feet  per  second.  Exponents  of  functions  expressing  rate  of 
change  of  depth  or  velocity,  respectively,  with  discharge,  indicated 
that  dynamic  stream  equilibrium  was  attained.  Implications  for 
forest  management  are  that  sanitation  cuttings  (removal  of  dead 
and  dying  trees)  would  not  be  permissible  where  dynamic  stream 
equilibrium  exists  and  bed  material  movement  should  be 
minimized. 

Keywords:    Mountain    streams,   hydraulic   geometry,   step  forma- 
tions, bed  material  movement,  flood  plain  forest  management. 
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at  the  Station' s  Albuquerque  field  unit,  in  cooperation  with  the 
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Flow  and  Channel  Characteristics  of  Two  High  Mountain  Streams 


Burchard    H.    Heede 


Many  small  streams  constitute  the  arteries 
y  which  much  of  the  water  stored  in  the  high 
ountain  snowpacks  of  Colorado  is  conveyed 
i  the  lowlands  for  people  and  industry.  With 
icreasing  demands  for  water,  manipulation  of 
te  small  mountain  streams  can  be  expected  to 
icrease.  Very  little  is  known  about  flow  and 
lannel  characteristics  of  these  small  streams, 
[re  acquisition  of  such  knowledge  is  important 
a  safeguard  against  misuse  and  to  assure 
ean  water. 

Study  Area 

The  study  streams,  Fool  Creek  and  Dead- 
arse  Creek,  lie  within  the  Fraser  Experimental 
orest,  approximately  50  miles  west  of  Denver, 
olorado.  Both  streams  originate  above  timber- 
lie  at  an  elevation  of  about  11,500  feet.  Chan- 
1  reaches  studied  were  above  9,600  feet  on 
iol  Creek  and  9,300  feet  on  Deadhorse  Creek. 

The  climate  is  cool,  with  an  average  yearly 
mperature  of  about  35°  F.  Annual  precipita- 
n   averages  24  inches  and  varies  from  15  to 
inches;  two-thirds  of  the  precipitation  occurs 
snowfall.  Streamflows  generally  reach  a  min- 
imum   in   early   April   and   peak   in   mid-June, 
taring   the   record   period   1952-65,   the  annual 
|ak   flow   of  Fool   Creek   averaged  14.2  cubic 
let  per  second  (c.f.s.),  while  the  largest  peak 
(as  24.3  c.f.s.  Deadhorse  Creek  had  an  average 
pak  of  7.8  c.f.s.  and  a  maximum  of  13.6  c.f.s. 

Flow  levels  decrease  rapidly  after  the  spring 
yak  has  passed.  The  winter  low  flows  of  both 
ireams  generally  do  not  carry  more  than  0.3 
<f.s.  Approximately  80  percent  of  the  total 
varly  flow  occurs  between  April  and  October. 

Sediment  loads  are  extremely  small  in  both 
ireams.  Average  annual  sediment  yield  for  the 
EVear  period  preceding  this  study  was  297 
I1  /mi     from  Fool  Creek  and  147  ft  7mi2  from 


Deadhorse  Creek  (Leaf  1966).  This  yield  esti- 
mate was  based  on  the  sediment  load  collected 
in   sediment  basins   below   the   study  reaches. 

Fool  Creek  is  characterized  by  long,  gentle, 
relatively  uniform  slopes,  whereas  on  Dead- 
horse Creek,  slopes  are  less  uniform  and  some- 
what steeper.  The  median  slopes  of  Fool  Creek 
and  Deadhorse  are  approximately  26  and  36 
percent,  respectively. 

The  parent  material  of  soils  on  the  water- 
sheds was  derived  primarily  from  gneiss  and 
schist  (Retzer  1962).  Typical  soils  contain  angu- 
lar gravel  and  stone,  and  a  small  amount  of 
silt  and  clay. 

Long  stretches  of  both  streams  are  em- 
bedded in  alluvium.  Some  reaches  are  lined 
with  rock  outcrops  and  to  a  lesser  extent  by 
boggy  soils.  All  reaches  have  rocky  bottoms. 
Sand  and  gravel  typically  accumulate  behind 
barriers  across  the  channels. 

The  forest,  estimated  to  be  between  250 
and  400  years  old,  is  composed  of  Engelmann 
spruce  (Picea  engelmanni  Parry),  subalpine 
fir  (Abies  lasiocarpa  ( Hook. )  Nutt. ) ,  and  lodge- 
pole  pine  (Pinus  cohtorta  Dougl.).  Half  of  the 
merchantable  timber  on  the  Fool  Creek  water- 
shed was  removed  by  alternate-strip  clearcutting 
between  1954  and  1956  (Goodell  1958,  Love  and 
Goodell  1960).  The  primary  access  road  on  Fool 
Creek  was  located  to  avoid  the  main  stream 
channel  and  to  minimize  soil  disturbance.  Timber 
was  made  accessible  by  spur  roads  spaced  at 
approximately  400-foot  intervals  along  the  con- 
tour; the  spurs  were  provided  with  adequate 
surface  drainage  and  culverts  at  stream  cross- 
ings. In  1957  spurs  were  seeded  to  grass  and 
culverts  were  removed  on  alternate  roads  to 
reduce  traffic.  The  forest  on  Deadhorse  Creek 
is  uncut,  except  for  approximately  30  acres  on 
the  south  slope,  which  was  commercially  clear- 
cut  between  1942-46. 


gradients  are  misleading,  however,  since  within 
each  reach  values  for  cumulative  heights  (above 
the  bed)  of  gravel  and  log  steps  are  between 
50  and  100  percent  of  those  of  the  total  falls. 
This  means  that  the  potential  energy  is  in  part 
offset  by  the  steps  since  below  each  step  con- 
siderable energy  is  dissipated,  and  the  flow 
must  regain  its  momentum.  Since,  in  many 
cases,  a  pronounced  scour  hole  developed  below 
the  steps,  a  negative  channel  gradient  was 
obtained  for  the  slope  between  the  steps. 

Although  Deadhorse  Creek  has  a  much 
steeper  channel  gradient  than  Fool  Creek,  it 
carries  only  half  the  sediment  load.  The  me- 
chanics of  stream  adjustment  is  a  function  of 
the  interactions  of  many  factors,  but  differences 
in  the  ratios  between  cumulative  height  of 
steps  and  total  fall  of  bed  may  largely  account 
for  differences  in  the  load  characteristics  of 
the  streams. 


Ratio 


FOOL  CREEK 

Lower  reach 

0.87 

Upper  reach 

.54 

Average 

.70 

DEADHORSE  CREEK 

Lower  reach 

1.01 

Upper  reach 

.95 

Average 

.98 

Cumulative  height   of  steps  nearly  equals  th  I 
total  fall  of  the  bed  on  Deadhorse  Creek,  whil il 
on  Fool  Creek   cumulative  step  height  is  les 
than  75  percent    of   the    total   fall.  Thus,  th : 
steepness  of  the  channel  gradient  is  more  effe( 
tively  offset  by  the  formation  of  steps  on  Deac 
horse   than  on  Fool  Creek,  and  less  energy  i 
available    for    transport    of    sediment    on    th  j 
former. 


Table  2.  Flow  and  channel  characteristics  of  Deadhorse  Creek 


Discharge 
(Q) 

Mean 
velocity1 
(v) 

Depth 

of    flow 

Bank    to 
bank 
width 

(w) 

Froude 
number2 
(  IF) 

Width-depth        ! 
ratio 

(r) 

>hape 
"actor 

Cross 

Max. 

(d         ) 
max 

Mean 

(d    ) 
m 

rd 

max 

section 

d 

m  ' 

c. f .s. 

f .p .s . 

-    -      Feet 



A 

2.32 
2.20 

1.75 
1.58 

0.36 
.37 

0.23 

.24 

5.75 
5.75 

2.05 
1.81 

25.0 
24.0 

1.6 
1.5 

2.03 

1.53 

.35 

.24 

5.62 

1.75 

23.4 

1.5 

1.78 

1.39 

.35 

.22 

5.80 

1.66 

26.4 

1.6 

1.57 

1.21 

.33 

.22 

5.80 

1.45 

26.4 

1.5 

B 

1.94 

1.49 

.97 

.70 

1.85 

1.00 

2.6 

1.4 

1.72 

1.35 

.92 

.69 

1.85 

.91 

2.7 

1.3 

1.59 

1.17 

.90 

.68 

2.00 

.80 

2.9 

1.3 

1.32 

1.03 

.90 

.64 

1.85 

.70 

2.7 

1.3 

1.73 

1.30 

.84 

.66 

2.00 

.90 

3.0 

1.3 

1.55 

1.25 

.84 

.67 

1.85 

.86 

2.8 

1.3 

1.09 

1.11 

.77 

.53 

l  .;-;r, 

.86 

3.5 

1.5 

I 

2.36 

1.06 

1.01 

.93 

2.40 

.62 

2.6 

1.1 

1.68 

.81 

.93 

.85 

2.45 

.49 

2.9 

1.1 

1.95 

.98 

.90 

.81 

2.45 

.61 

3.0 

1.1 

.63 

.37 

.77 

.69 

2.45 

.25 

3.6 

1.1 

li 

.77 

1.45 

.25 

.14 

3.85 

2.18 

27.5 

1.8 

.24 

.79 

.21 

.16 

1.90 

1.11 

11.9 

1.3 

E 

.74 

1.06 

.48 

.20 

3.55 

1.33 

17.8 

2.0 

Based  on  point  velocities  measured  by  Pygmy  current  meter. 
IF  =  —      ,  where  g  is  the  acceleration  due  to  gravity. 


The  reduction  of  available  energies  by  gravel 
ind  log  steps,  in  combination  with  the  rough- 
less  exerted  by  gravel  beds  and  rock  outcrops, 
5  illustrated  by  the  velocities  of  flow,  which 
re  indeed  low  for  "rushing mountain  streams." 
lean  velocities  of  Deadhorse  Creek  ranged 
rom  0.37  to  1.75  feet  per  second  (f.p.s.)  (table 
)  whereas  velocities  ranged  from  0.52  to  4.85 
.p.s.  on  Fool  Creek  (table  3).  Corresponding 
ischarges  were  between  0.63  and  2.32  c.f.s.  on 
>eadhorse  and  between  1.01  and  17.45  c.f.s.  on 
rool  Creek.  Most  velocities  of  Deadhorse  Creek 
luctuated  around  1  f.p.s.  On  Fool  Creek,  the 
alue  of  4.85  f.p.s.  was  measured  only  once; 
alues  usually  ranged  between  0.5  and  2.5  f.p.s. 

Mean  stream  velocities  are  ordinarily  deter- 
lined  from  one-  or  two-point  measurements 
n  several  vertical  sections.  This  procedure, 
eveloped  for  large  channels,  assumes  a  log- 
rithmic  variation  of  velocity  with  depth.  How- 
ver,  in  turbulent,  high-mountain  streams  the 
ertical  velocity  profiles  do  not  resemble  the 
Dgarithmic  profile  characteristics  of  larger  chan- 
lels.  Standard  depth  levels  for  velocity  meas- 
Lrements  are  therefore  unrealistic  for  these 
treams. 

Cumulative  frequency  curves  of  bed  part- 
:le  sizes  for  two  reaches  of  Deadhorse  Creek, 
ypical  for  both  streams,  resemble  the  disto- 
rtion often  shown  by  river  gravels  (fig.  4). 
■finery  percent  of  the  sample  particles  from  the 
ower  reach  had  a  diameter  of  50  mm  or  small- 
r,  while  90  percent  of  the  sample  particles  800 


feet  upstream  had  diameters  of  160  mm  or 
smaller  (fig.  4).  This  decrease  in  bed  particle 
sizes  in  the  downstream  direction  is  character- 
istic of  most  streams,  and  is  associated  with  a 
general  decrease  of  the  channel  gradient  down- 
stream (fig.  5). 

Because  of  the  relatively  steep  banks  and 
level  channel  bed  (fig.  6),  width  varied  very 
little  with  discharge  at  a  station.  Mean  depths 
in  Deadhorse  Creek  ranged  between  0.14  and 
0.93  foot  for  discharges  between  0.77  and  2.36 
c.f.s.,  and  0.20  to  1.05  feet  for  discharges  be- 
tween 0.97  and  7.14  c.f.s.  in  Fool  Creek.  Maxi- 
mum depths  ranged  from  0.21  to  1.01  feet  for 
discharges  of  0.24  to  2.36  c.f.s.  in  Deadhorse 
Creek,  and  0.27  to  1.60  feet  at  0.97  to  10.30  c.f.s. 
in  Fool  Creek.  These  data  indicate  that  the 
rapid  increase  of  depth  with  discharge  will  lead 
to  submergence  of  gravel  and  log  steps  at  ex- 
treme flows.  Such  submergence  did  not  occur 
during  the  study  period. 

If  width  and  depth  are  considered  together, 
such  as  in  the  width-depth  ratio,  a  quantitative 
expression  of  channel  shape  will  be  obtained 
because  relative  rates  of  increase  of  width  and 
depth  are  functions  of  channel  shape.  In  cross 
sections  with  pure  geometric  shapes,  the  follow- 
ing relationships  exist:  in  a  triangular-shaped 
channel,  the  width-depth  ratio  remains  con- 
stant with  changing  discharge;  the  width-depth 
ratio  decreases  in  trapezoidal  and  elliptical  cross 
sections  when  discharge  increases;  width-depth 
ratio    decreases    much    more   rapidly   with   in- 
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'gure  4.    Bed  particle  size  distribution  for  two  reaches  of  Deadhorse  Creek. 


Table  3. 

Flow  and  channel  characteristics  of  Fool  Creek 

Mean 

Depth 

of    flow 

Bank    to 
bank 
width 

Water 

Reynolds 
,        2 

Froude 

,              0 

Width-depth 

Shape 

Cross 

Discharge 

velocity1 

Max. 

Mean 

temper- 
ature 

number^ 

number 

ratio 

w 

factoi  i 
fd 

section 

(Q) 

(v) 

(d        ) 
max 

(d    ) 

m 

(w) 

(  K) 

(  IF) 

max 
m 

c  .  f  .s  . 

f.p.s. 

F 

21 

A 

6.11 

2.07 

0.62 

0.49 

6.00 

1.60 

12.2 

1.3 

4.75 

1.78 

.62 

.45 

6.00 

1.49 

13.3 

1.4 

7.18 

2.47 

.71 

.49 

6.00 

1.98 

12.2 

1.5 

5.14 

1.91 

.64 

.45 

6.00 

1.60 

13.3 

1.4 

7.80 

2.66 

.  i-,.', 

.49 

6.00 

2.13 

12.2 

1.3 

8.44 

2.33 

.76 

.61 

6.00 

1.67 

9.8 

1.3 

6.52 

2.08 

-  75 

.52 

6.00 

1.62 

11.5 

1.4 

8.65 

2.33 

.82 

.62 

6.00 

1.66 

9.7 

1.3 

3.81 

1.91 

.73 

.32 

6.30 

37 

34,500 

1.89 

19.7 

2.3 

4.15 

2.09 

.(,« 

.32 

6.30 

42 

41,300 

2.07 

19.7 

2-l     t 

3.02 

1.76 

.65 

.27 

6.30 

44 

30,300 

1.90 

23.3 

2.4      I 

1.65 

1.15 

.',•) 

.23 

6.30 

45 

17,200 

1.35 

27.4 

2.6      [ 

2.56 

1.43 

.hi, 

.28 

6.30 

43 

25,200 

1.52 

22.5 

2.4     - 

1.94 

1.51 

.53 

.22 

5.90 

47 

22,300 

1.81 

26.8 

2.4      1 

B 

17.45 

4.85 

1.16 

.90 

4.00 

2.87 

4.4 

1.3     '« 

11.04 

3.76 

1.07 

.84 

3.50 

2.30 

4.2 

x-3  o 

1.4     I 

5.80 

2.24 

1.05 

.74 

3.50 

1.46 

4.  7 

8.38 

2.51 

1.29 

.84 

4.00 

1.54 

4.8 

1.5     ti 

7.76 

2.27 

1.33 

.86 

4.00 

1.37 

4.7 

j-6  h 

1.8 

1.8  .  !c 

2.51 

1.27 

.93 

■  M 

3.75 

37 

38,000 

.98 

7.1 

2.17 

1.37 

.77 

.43 

3.70 

w, 

38,300 

1.17 

8.6 

1.56 

1.22 

.66 

.35 

3.70 

45 

27,700 

1.16 

10.6 

1.9    tO 

2.04 

1.24 

.80 

.45 

3.70 

43 

35,100 

1.04 

8.2 

Hit 

1.31 

1.06 

.73 

.34 

3.70 

47 

24,200 

1.02 

10.9 

C 

9.40 

2.51 

1.25 

1.03 

3.65 

1.39 

3.5 

1.2 

3.06 

1.43 

.86 

.61 

3.50 

40 

52,200 

1.03 

5.7 

1-4     , 

1.61 

.96 

.71 

.51 

3.30 

45 

31 ,800 

.75 

6.5 

1.4 

1.13 

.79 

.1,4 

.43 

3.30 

45 

21,400 

.68 

7.7 

1.5 

1.58 

.97 

.  70 

.49 

3.30 

43 

29,900 

.78 

6.7 

1.4 

1.01 

.72 

.I.H 

.42 

3.30 

46 

20,000 

.62 

7.9 

1.6 

9.69 
8.Q1 
3.21 
2.72 
2.52 
1.93 
1.43 


10.30 
8.35 
2.76 
2.75 
2.27 
1.48 
1.10 
1.18 
1.01 

6.52 
4.91 
3.05 
1.59 
1.24 
.97 
1.04 

7.14 

5.49 

1.66 

2.15 

1.23 

.84 

.74 

.78 


1.81 
.89 
.90 
.82 

.  74 
.63 


2.09 
1.76 
.91 
.84 
.83 
.71 
.58 
.61 
.52 

2.82 
2.59 
2.22 
1.91 
1.88 
1.64 
1.68 

2.39 
2.04 
.99 
1.14 
.87 
.70 
.61 
.60 


1.00 
.95 
.70 


.  75 

.59 

.84 

.60 

.72 

.51 

.60 

.44 

.63 

.41 

1.60 

.92 

1.54 

.89 

1.32 

.57 

1.30 

.61 

1.10 

.75 

1.01 

.56 

1.00 

.52 

1.00 

.53 

.96 

.63 

0.70 

0.55 

.56 

.45 

.46 

.33 

.33 

.26 

..';-; 

.21 

.27 

.20 

.28 

.21 

1.23 

1.05 

1.29 

.94 

.85 

.62 

.85 

.70 

.72 

.50 

.57 

.38 

.65 

.44 

.63 

.46 

5.15 

5.15 

5.15 

38 

5.15 

5.15 

37 

5.15 

46 

5.15 

46 

5.15 

46 

5.35 

5.35 

5.30 

37 

5.30 

42 

3.65 

3.65 

37 

3.65 

46 

3.65 

45 

3.10 

4.20 

4.20 

4.20 

;h 

3.20 

3.20 

46 

3.00 

45 

3.00 

46 

2.85 

2.85 

2.70 

39 

2.70 

41 

2.85 

3.15 

46 

2.75 

45 

2.85 

46 

35,600 

27,800 
25,000 
18,400 
21,700 


32 ,000 
31,600 

23,100 
20,000 
21,000 


41,900 

26,100 
21,300 
23,400 


35,900 
47,000 

39,000 
17,400 
18,300 


1.06 
1.04 
.60 
.60 
.59 
.58 
.53 
.70 

1.22 
1.05 
.68 
.52 
.54 
.55 
.45 
.47 
.34 

2.13 

2.17 
2.17 
2.10 
2.30 
2.06 
2.06 

1.31 
1.18 
.71 
.76 
.69 
.64 
.52 
.50 


5.2 

5.4 

7.4 

8.7 

8.6 

10.1 

11.7 

12.6 

5.8 
6.0 
9.3 
8.7 
4.6 
6.5 
7.0 
6.9 
4.9 

7.6 
9.3 
12.7 
12.3 
15.2 
15.0 
14.3 

2.7 
3.0 
4.4 
3.9 
5.7 
8.3 
6.3 
6.2 


1.2 
1.2 
1.2 
1.3 
1.4 
1.4 
1.4 
1.5 

1.7 
1.7 
2. '3 
2.1 
1.5 
1.8 
1.9 
1.9 
1.5 

1.3 

1.2 
1.4 
1.3 
1.3 
1.4 
1.3 

1.2 

1.4 
1.4 
1.2 
1.4 
1.5 
1.5 
1.4 


Based  on  point  velocities  attained  by  Pygmy  current  meter. 

vd 
R  -     >  where  v  is  the  kinematic  viscosity  in  ft.2/second. 

"  ~      .  where  g  is  the  acceleration  due  to  gravity  taken  as  32.2  ft. /sec.2. 
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',ure5.  Relationship  between  median  bed  material  size  and  channel  gradient  for  Fool  Creek  and  Deadhorse 
Creek. 


jasing  discharge  in  rectangular-shaped  chan- 
s.  The  data  in  tables  2  and  3  show  a  rapid 
grease  in  this  ratio.  For  example,  at  Dead- 
pe  Creek  station  B,  the  width-depth  ratio 
i*reased  from  3.5  to  2.6,  while  the  discharge 
ireased  from  1.09  to  1.94  c.f.s.  At  station  A  of 
!pl  Creek,  the  width-depth  ratio  varied  from 
B  to  9.7  for  discharges  of  1.65  to  8.65  c.f.s. 
.  When  the  width-depth  ratio  is  expressed  as 
'unction  of  discharge  at  a  station,  a  simple 
iver  function  is  derived: 

w/d  =  rQs 

ere  w/d  is  the  width-depth  ratio,  Q  is  the 
ibharge,  and  r  and  s  are  numerical  coeffi- 
L'jits.  The  value  of  s,  the  slope  of  the  line 
;[ilting  from  a  log-log  plot  of  the  equation, 


expresses  the  relative  rate  of  decrease  of  the 
ratio  with  increasing  discharge.  An  example 
from  three  stations  is  plotted  in  figure  7. 

Channel  shape  can  also  be  approximated 
by  use  of  the  shape  factor,  the  quotient  of  max- 
imum depth  divided  by  mean  depth.  If  such 
true  geometric  shapes  as  triangles,  parabolas, 
and  rectangles  are  considered,  the  respective 
shape  factors  would  be  2.0,  1.5,  and  1.0.  The 
most  effective  hydraulic  shape  would  be  a  semi- 
circle, which  normally  does  not  exist  in  natural 
streams. 

The  last  column  of  table  2  indicates  that 
each  cross  section  at  Deadhorse  Creek  has  a 
relatively  uniform  shape  factor  through  the 
range  of  measured  discharges.  The  table  also 
shows  that  the  shape  factor  is  close  to  para- 
bolic at  station  A,  while  nearly  rectangular  at 


Table  3.  Flow  and  channel  characteristics  of  Fool  Creek 


Mean 

Depth 

of  flow 

Bank  to 
bank 
width 

Wa  t  e  r 

Reynolds 
, 2 

Froude 

Width-depth 

Shape 

Cross 

Discharge 

velocity1 

Max. 

Mean 

temper- 
ature 

number* 

number- 

ratio 

factor 

section 

(Q) 

(v) 

(d    ) 
max 

<v 

(w) 

(  R) 

(  t) 

max 

k  m  ' 

c. f .s. 

f.p.S. 

_ 

1L 

A 

6.11 

2.07 

0.62 

0.49 

6.00 

1.60 

12.2 

1.3 

4.75 

1.78 

.62 

.45 

6.00 

1.49 

13.3 

1.4 

7.18 

2.47 

.71 

.49 

6.00 

1.98 

12.2 

1.5 

5.14 

1.91 

.64 

.45 

6.00 

1.60 

13.3 

1.4 

7.80 

2.66 

.64 

.49 

6.00 

2.13 

12.2 

1.3 

8.44 

2.33 

.76 

.61 

6.00 

1.67 

9.8 

1.3 

6.52 

2.08 

.75 

.52 

6.00 

1.62 

11.5 

1.4 

8.65 

2.33 

.82 

.62 

6.00 

1.66 

9.7 

1.3 

3.81 

1.91 

.73 

.32 

6.30 

37 

34,500 

1.89 

19.7 

2.3 

4.15 

2.09 

.68 

.32 

6.30 

42 

41,300 

2.07 

19.7 

2.1 

3.02 

1.76 

.65 

.27 

6.30 

44 

30,300 

1.90 

23.3 

2.4 

1.65 

1.15 

.59 

.23 

6.30 

45 

17,200 

1.35 

27.4 

2.6 

2.56 

1.43 

.66 

.28 

6.30 

43 

25,200 

1.52 

22.5 

2.4 

1.94 

1.51 

.53 

.22 

5.90 

47 

22,300 

1.81 

26.8 

2.4 

B 

17.45 

4.85 

1.16 

.90 

4.00 

2.87 

4.4 

1.3 

11.04 

3.76 

1.07 

.84 

3.50 

2.30 

4.2 

1.3 

5.80 

2.24 

1.05 

.74 

3.50 

1.46 

4.7 

1.4 

8.38 

2.51 

1.29 

.84 

4.00 

1.54 

4.8 

1.5 

7.76 

2.27 

1.33 

.86 

4.00 

1.37 

4.7 

1.6 

2.51 

1.27 

.93 

.53 

3.75 

37 

38,000 

.98 

7.1 

1.8 

2.17 

1.37 

.77 

.43 

3.70 

45 

38,300 

1.17 

8.6 

1.8 

1.56 

1.22 

.66 

.35 

3.70 

45 

2  7,700 

1.16 

10.6 

1.9 

2.04 

1.24 

.80 

.45 

3.70 

43 

35,100 

1.04 

8.2 

1.8 

1.31 

1.06 

.73 

.34 

3.70 

47 

24,200 

1.02 

10.9 

2.2 

C 

9.40 

2.51 

1.25 

1.03 

3.65 

1.39 

3.5 

1.2 

3.06 

1.43 

.86 

.61 

3.50 

40 

52,200 

1.03 

5.7 

1.4 

1.61 

.96 

.71 

.51 

3.30 

45 

31 ,800 

.75 

6.5 

1.4 

1.13 

.79 

.64 

.43 

3.30 

45 

21,400 

.68 

7.7 

1.5 

1.58 

.97 

.70 

.49 

3.30 

43 

29,900 

.78 

6.7 

1.4 

1.01 

.72 

.68 

.42 

3.30 

46 

20,000 

.62 

7.9 

1.6 

D 

9.69 

1.89 

1.20 

1.00 

5.15 

1.06 

5.2 

1.2 

8.°1 

1.81 

1.09 

.95 

5.15 

1.04 

5.4 

1.2 

3.21 

.89 

.86 

.70 

5.15 

38 

35,600 

.60 

7.4 

1.2 

2.72 

.90 

.75 

.59 

5.15 

.60 

8.7 

1.3 

2.52 

.82 

.84 

.60 

5.15 

37 

27,800 

.59 

8.6 

1.4 

1.93 

.74 

.72 

.51 

5.15 

46 

25,000 

.58 

10.1 

1.4 

1.43 

.63 

.60 

.44 

5.15 

46 

18,400 

.53 

11.7 

1.4 

1.71 

.80 

.63 

.41 

5.15 

46 

21,700 

.70 

12.6 

1.5 

E 

10.30 

2.09 

1.60 

.92 

5.35 

1.22 

5.8 

1.7 

8.35 

1.76 

1.54 

.89 

5.35 

1.05 

6.0 

1.7 

2.76 

.91 

1.32 

.57 

5.30 

37 

32,000 

.68 

9.3 

2.3 

2.75 

.84 

1.30 

.61 

5.30 

42 

31,600 

.52 

8.7 

2.1 

2.27 

.83 

1.10 

.75 

3.65 

.54 

4.6 

1.5 

1.48 

.73 

1.01 

.56 

3.65 

37 

23,100 

.55 

6.5 

1.8 

1.10 

.58 

1.00 

.52 

3.65 

46 

20,000 

.45 

7.0 

1.9 

1.18 

.61 

1.00 

.53 

3.65 

45 

21,000 

.47 

6.9 

1.9 

1.01 

.52 

.96 

.63 

3.10 

.34 

4.9 

1.5 

F 

6.52 

2.82 

0.70 

0.55 

4.20 

2.13 

7.6 

1.3 

4.91 

2.59 

.56 

.45 

4.20 

2.17 

9.3 

1.2 

3.05 

2.2.' 

.46 

.33 

4.20 

38 

41,900 

2.17 

12.7 

1.4 

1.59 

1.91 

.33 

.26 

3.20 

2.10 

12.3 

1.3 

1.24 

1.88 

.28 

.21 

3.20 

46 

26,100 

2.30 

15.2 

1.3 

.97 

1.64 

.27 

.20 

3.00 

45 

21,300 

2.06 

15.0 

1.4 

1.04 

1.68 

.28 

.21 

3.00 

46 

23,400 

2.06 

14.3 

1.3 

G 

7.14 

2.39 

1.23 

1.05 

2.85 

1.31 

2.7 

1.2 

5.49 

2.04 

1.29 

.94 

2.85 

1.18 

3.0 

1.4 

1.66 

.99 

.85 

.62 

2.70 

39 

35,900 

.71 

4.4 

1.4 

2.15 

1.14 

.85 

.70 

2.70 

41 

47,000 

.76 

3.9 

1.2 

1.23 

.87 

.72 

.50 

2.85 

.69 

5.7 

1.4 

.84 

.70 

.57 

.38 

3.15 

46 

39,000 

.64 

8.3 

1.5 

.74 

.61 

.65 

.44 

2.75 

45 

17,400 

.52 

6.3 

1.5 

.78 

.60 

.63 

.46 

2.85 

46 

18,300 

.50 

6.2 

1.4 

Based  on  point  velocities  attained  by  Pygmy  current  meter. 

vd 
IR  =    .  where  v  is  the  kinematic  viscosity  in  ft.2/second. 
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'igure5.  Relationship  between  median  bed  material  size  and  channel  gradient  for  Fool  Creek  and  Deadhorse 
Creek. 


.-easing  discharge  in  rectangular-shaped  chan- 
els.  The  data  in  tables  2  and  3  show  a  rapid 
^crease  in  this  ratio.  For  example,  at  Dead- 
orse  Creek  station  B,  the  width-depth  ratio 
jcreased  from  3.5  to  2.6,  while  the  discharge 
tcreased  from  1.09  to  1.94  c.f.s.  At  station  A  of 
iool  Creek,  the  width-depth  ratio  varied  from 
1.4  to  9.7  for  discharges  of  1.65  to  8.65  c.f.s. 
When  the  width-depth  ratio  is  expressed  as 
;  function  of  discharge  at  a  station,  a  simple 
pwer  function  is  derived: 

w/d  =  rQs 


Mere  w/d  is  the  width-depth  ratio,  Q  is  the 
c>charge,  and  r  and  s  are  numerical  coeffi- 
cmts.  The  value  of  s,  the  slope  of  the  line 
rsulting  from  a  log-log  plot  of  the  equation, 


expresses  the  relative  rate  of  decrease  of  the 
ratio  with  increasing  discharge.  An  example 
from  three  stations  is  plotted  in  figure  7. 

Channel  shape  can  also  be  approximated 
by  use  of  the  shape  factor,  the  quotient  of  max- 
imum depth  divided  by  mean  depth.  If  such 
true  geometric  shapes  as  triangles,  parabolas, 
and  rectangles  are  considered,  the  respective 
shape  factors  would  be  2.0,  1.5,  and  1.0.  The 
most  effective  hydraulic  shape  would  be  a  semi- 
circle, which  normally  does  not  exist  in  natural 
streams. 

The  last  column  of  table  2  indicates  that 
each  cross  section  at  Deadhorse  Creek  has  a 
relatively  uniform  shape  factor  through  the 
range  of  measured  discharges.  The  table  also 
shows  that  the  shape  factor  is  close  to  para- 
bolic at  station  A,  while  nearly  rectangular  at 


Figure 6.  Typical  channelcross sections for Deadhorse 
Creek  (upper  three)  and  Fool  Creek  (lower 
two). 


station  C.  To  verify  shapes,  the  cross  sections 
must  be  plotted  because  a  variety  of  unusual 
sections  can  have  the  same  shape  factor. 

Discharge  measurements  at  Fool  Creek  had 
a  larger  range  than  those  of  Deadhorse  Creek 
(table  3).  This  may  be  one  of  the  reasons  why 
the  change  in  shape  factors  with  changing  dis- 
charge is  much  more  pronounced  at  Fool  Creek 
than  at  Deadhorse  Creek.  Increases  in  shape 
factor  reflect  a  relative  increase  in  the  wetted 
perimeter,  which  increases  roughness  of  flow 
and  decreases  channel  efficiency.  Thus,  the 
hydraulic  efficiency  for  the  conveyance  of  water 
decreases  at  lower  discharges.  Such  indications 
are  given  at  Fool  Creek  station  A  where,  at  a 
discharge  of  8.65  c.f.s.,  the  shape  factor  was  1.3, 
while  at  a  flow  of  1.94  c.f.s.,  the  shape  factor 
increased  to  2.4. 

To  test  if  the  study  streams  behaved  like 
larger  streams,  the  methods  developed  by 
Leopold  and  Maddock  (1953)  for  the  treatment 
of  hydraulic  variables  was  applied.  They  found 
that  hydraulic  characteristics  of  stream  chan- 
nels such  as  depth,  width,  and  velocity  vary  as 
some  power  function  of  the  discharge  as 
follows: 


where  w  is  the  width,  d  is  the  mean  depth,  v  is 
the  velocity,  and  a,  c,  k,  b,  f,  and  m  are  nu- 
merical coefficients.  Discharge  is  the  product 
of  cross-sectional  area  and  mean  velocity,  or 
expressed  algebraically,  Q  =  w  x  d  x  v.  Thus, 
aQb  x  cQf  x  kQm  =  Q,  or  b  +  f  +  m  =  1,  and 
a  x  c  x  k  =  1.  Since  width  changes  very  little 
with  discharge,  the  slopes  of  the  width-dis- 
charge curves  would  be  near  zero,  and  the 
respective  exponent  (b)  would  have  a  value 
close  to  zero.  This  is  indicated  by  the  sums  of 
f  and  m,  which  are  about  1.0  (table  4).  The 
average  values  at  a  given  station  for  f  and  m 
are  0.43  and  0.52,  respectively.  If  the  sums  off 
f  and  m  are  compared  with  those  derived  from 
other  streams  and  regions  by  other  investigators - 
(table  5),   it  appears  that  the  Fool  Creek  datai 
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Figure  7.  Typical  relationships  between  width-dept 
ratio  and  discharge  on  Fool  Creek. 


re  closest  to  those  derived  from  a  much  larger 
lountain  stream,  Brandywine  Creek  in  Penn- 
sylvania (Wolman  1955).  The  relationships  in 
gure  8,  which  show  depth  and  velocity  as  a 
inction  of  discharge,  are  believed  to  be  repre- 
mtative  of  all  cross  sections  in  Fool  Creek, 
ischarges  of  Deadhorse  Creek  were  too  small 
i  magnitude  relative  to  instrument  errors  to 
ermit  meaningful  analytical  treatment  of  the 
ata. 

As  must  be  expected  for  a  small,  tumbling, 
igh  mountain  stream  whose  bed  is  made  up 
I  coarse  material,  gravel  bars,  and  log  steps, 
eynolds  numbers  (IR)  were  high  —  between 
',000  and  52,000  (table  3)  —  indicating  highly 
irbulent  flows.  Froude  numbers  (IF)  in  both 
reams  showed  a  spread  of  values  between  a 


Table  4.  Relation  of  depth  (d)  and  velocity  (v)  to 
discharge1  (Q),  at  different  cross  sections 
of  Fool  Creek 


Cross 
sections 


.<> 


0.14  Q 
.37  QC 


.41  Q 


0.66 


.39  Q 


.53  Q 


0.23 


.19  q 
.48  q 


II.  ',4 


0.40 


kQ"" 


1.09  q 


.67  q 


II.  \H 


.75  q 


.50  q 

.51  q 


0.59 


0.59 


1.68  Q 


.74  q 


n.  vi 


Symbols  explained  in  text. 
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igure  8.   Depth  and  velocity  as  a  function  of  discharge  for  typical  cross  sections  on  Fool  Creek. 
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Table  5.  Values  of  exponents1  in  the  equations  for 
the  hydraulic  geometry  of  stream  channels; 
d  =  cQf  and  v  =  kQm  (Average  relations 
for  a  typical  cross  section  ) 


Streams  and  location 


f  +  m 


Fool  Creek,  central  Rocky  Mountains   0.43   0.52   0.95 


Brandywine  Creek,  Pennsylvania'1        .41 

Average  values,  midwestern 

United  States2  .40 

Ephemeral  streams  in  semiarid 

United  States  .36 

Average  of  158  gaging  stations 

in  United  States2  .45 


10  gaging  stations  on  Rhine  River, 
Europe 


.55 


.  34 


.34 


.43 


.43 


.74 


.70 


.84 


1  Symbols  explained  in  text. 

2  From  Leopold,  Wolman,  and  Miller  (1964),  p.  244. 


few  tenths  and  2.9.  The  combined  effect  of 
viscosity  and  gravity  (that  is,  considering  the 
Reynolds  number  and  the  Froude  number  for 
a  given  flow)  produced  the  following  regimes 
of  flow  in  Fool  Creek:  supercritical-turbulent, 
critical-turbulent,  and  subcritical-turbulent.  Due 
to  its  unstable  stage,  the  critical-turbulent  re- 
gime may  better  be  designated  as  transitional 
range  because,  at  a  Froude  number  of  unity 
(critical),  the   flow   will   either  go  into  a  sub- 


critical  or  supercritical  state,  or  may  fluctuate 
between  both. 

Water  temperatures  showed  quite  pro- 
nounced diurnal  fluctuations  during  the  summer 
months  (fig.  9)  and  were  directly  related  to  air 
temperatures.  In  spite  of  heavy  shading  of  the 
streams  by  relatively  dense  stands  of  trees,  lag 
times  between  peak  temperatures  of  air  and 
water  were  practically  nil.  Temperatures  in- 
creased from  36°F  at  6:00  a.m.  to  43°F  at  1:00 
p.m.  on  July  12. 


Discussion 

Detailed  investigations  of  the  longitudinal 
profiles  showed  that  a  great  number  of  gravel 
bars  and  logs  crossed  the  channel.  The  logs 
accumulated  gravel  and  thus  formed  steps. 
Since  step  spacing  between  the  logs  did  not 
change  within  individual  channel  reaches,  the 
remaining  adjustment  of  the  streams  to  slope 
was  achieved  by  gravel  bar  formation.  Step 
length  decreased  with  increasing  channel 
gradient  and  increasing  median  bed  material 
size.  The  cumulative  height  of  steps  formed  by 
logs  and  gravel  bars  nearly  offset  the  total  fall 
of  Deadhorse  Creek,  and  approached  75  per- 
cent of  the  fall  of  Fool  Creek.  Bars  and  logs 
together  provided  an  average  of  7.7  and  5.4 
energy  dissipators  for  50  feet  of  channel  on 
Deadhorse    and    on    Fool   Creek,   respectively. 


Air  temp.°F 

Water  temp.°F 


am  pm 

July8 

Figure  9.  Daily  courses  of  air  and  water  temperatures  at  Fool  Creek 
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Combined  with  the  roughness  of  the  gravel 
>ed,  as  well  as  other  hydraulic  components  such 
ts  discharge,  width,  and  slope,  these  energy 
lissipators  led  to  relatively  low  velocities;  most 
values  ranged  between  0.5  and  2.5  f.p.s.  The 
iverage  channel  gradients  of  the  reaches  of 
he  "rushing  mountain  streams"  were  0.08  and 
L22. 

Submergence  of  the  steps  would  greatly 
educe  their  effectiveness  for  energy  reduction, 
ind  the  present  equilibrium  of  the  streams,  as 
vill  be  discussed  below,  could  be  upset.  Yet, 
>ased  on  13  years  of  record,  high  flows  that 
ould  lead  to  structural  submergence  occurred 
arely. 

When  considering  logs  in  the  hydraulic 
geometry  of  small  streams  such  as  Deadhorse 
>eek  and  Fool  Creek,  an  important  contrast 
o  gravel  bars  must  be  noted.  Gravel  bars  are 
he  result  of  stream  action.  They  are  "flexible 
.tructures"  that  change  with  flows  (Kellerhals 
.966).  Log  steps  are  inflexible  structures  if  not 
vashed  out,  reoriented  by  high  flows,  or  rotted 
vith  time.  Gravel  accumulates  and  secures  them 
n  place.  Only  four  locations  could  be  found 
n  both  streams  where  logs  had  been  washed 
>ut;  it  appeared  that  during  flood  stages  the 
ogs  forced  the  flow  around  the  structures  and 
hus  eroded  their  anchorage  to  one  original 
hannel  bank.  No  evidence  could  be  found  that 
i  gravel  bar  forced  the  flow  out  of  its  bed. 
leveral  years  of  record  indicated  only  a  few 
lows  with  possible  higher  than  bankfull  stages 
t  the  steps.  Reorientation  of  logs  that  had 
alien  across  the  channel  could  not  be  verified, 
ecause  many  logs  fell  originally  at  different 
ngles  to  the  channel.  Rotting  led  to  loss  of 
riginal  height  of  log  steps  in  some  cases,  and 
o  breakage  and  loss  of  steps  in  others.  Rotting 
ippeared  to  be  very  slow. 

Sediment  load,  normally  a  very  important 
jydraulic  parameter,  was  ignored  in  thisinvesti- 
ation  because  the  sediment  yield  was  very 
jmall  in  both  streams.  This  yield  is  derived 
jainly  from  a  few  extreme  peak  flows,  but 
Sone  occurred  during  the  study  periods. 

Changes  in  width  were  minor  due  to  rec- 
iingular  channel  cross  sections.  Cross  sectional 
hape  was  expressed  by  the  width-depth  ratio 
nd  shape  factor.  The  latter  indicated  loss  of 
tiannel  efficiency  for  conveyance  of  low  flows, 
<  fact  which  can  be  noticed  by  the  casual  ob- 
Iprver.  Within  the  range  of  flows  experienced 
uring  the  study,  energy  dissipation  due  to 
ravel  and  log  steps  as  well  as  roughness  of 
pavel  beds  and  rock  outcrops  increased  with 
ecreasing  discharge. 

Reynolds  and  Froude  numbers  were  in  the 
cpected  range  for   tumbling,  small  mountain 


streams.  However,  in  spite  of  heavy  shading, 
the  course  of  daily  water  temperatures  was 
directly  related  to  that  of  air  temperatures. 
Water  temperatures  had  a  daily  amplitude  of 
up  to  7°F  during  the  middle  of  July. 

The  range  of  values  of  the  exponents  for 
the  depth  and  velocity  functions  was  relatively 
small.  This  indicates  a  certain  degree  of  uni- 
formity in  the  behavior  of  the  hydraulic  vari- 
ables from  station  to  station,  which  may  be 
interpreted  as  an  indication  that  Fool  Creek 
had  attained  dynamic  equilibrium.  Discharges 
of  Deadhorse  Creek  were  too  small  during  the 
study  period  to  permit  meaningful  calculations. 
The  dynamic  equilibrium  concept  implies  both 
stability  and  the  ability  to  adjust;  the  term 
equilibrium  can  be  interchanged  with  that  of 
grade.  But  since  many  variables  are  involved  in 
the  channel-forming  process  that  complicate 
any  delineation  of  cause-and-effect  relations, 
oversimplification  must  be  avoided.  However, 
Leaf  (1966),  in  a  study  on  sediment  yield,  also 
concluded  that  Fool  Creek  is  a  stream  of  grade. 
His  conclusion  was  based  on  the  uniform  longi- 
tudinal profile  concaved  toward  the  sky,  and 
the  very  small  sediment  load. 

The  study  shed  some  light  on  the  influence 
of  streamside  forests  on  the  formation  of  steps 
in  small  mountain  channels.  It  was  shown  that 
the  streams  required  additional  gravel  bars  to 
adjust  to  slope.  On  Deadhorse  Creek,  averaging 
4.8  logs  per  50  feet  of  channel,  only  37  percent 
of  the  total  steps  were  bars  while  on  Fool 
Creek,  averaging  2.5  logs  per  50  feet  of  channel, 
53  percent  of  the  steps  were  bars.  Thus  less 
bed  material  moved  at  Deadhorse,  although  it 
had  a  much  steeper  channel  slope  than  Fool 
Creek. 

What  is  the  forest  management  implication 
of  the  gravel  bar-log  step  relationship?  It  appears 
that  sanitation  cutting  (removal  of  dead  and 
dying  trees)  should  not  be  practiced  along  small 
mountain  streams  at  dynamic  equilibrium;  the 
movement  of  bed  material  in  such  streams 
should  be  minimized.  Such  equilibrium  is  nec- 
essary, for  instance,  for  maintenance  of  spawn- 
ing beds  for  fish. 
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Overlaying  low-grade  lumber  with  cellulose  or  vinyl  overlays  offers 
opportunities  for  producing  interior  and  exterior  products  with 
improved  appearance,  utility,  and  market  value.  Recent  developments 
in  thermosetting  emulsion  adhesives  and  continuous-process  roll 
lamination  equipment  have  generated  renewed  interest  in  overlaid 
lumber  products.  This  report  describes  the  results  of  pilot  tests  con- 
ducted to  investigate  the  commercial  feasibility  of  roll  laminating  fiber 
overlays  on  low-grade  ponderosa  pine  lumber. 

The  study  included  a  broad  analysis  of  potential  product  markets, 
development  of  roll  laminating  techniques,  and  projection  of  probable 
production  costs.  Additional  study  objectives  were  the  development  of 
lumber  substrate  quality  requirements,  and  preliminary  evaluation  of 
potential  lumber  repair  techniques. 

This  research  was  made  possible  by  a  technical  assistance  grant 
from  the  Economic  Development  Administration,  U.  S.  Department  of 
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Abstract 

Pilot  plant  tests  were  conducted  with  recently  developed  roll  lam- 
inating equipment  and  thermosetting  emulsion  adhesives.  Lumber  that 
met  substrate  quality  requirements  was  satisfactorily  overlaid  at  speeds 
up  to  180  feet  per  minute.  Costs  of  overlaying,  exclusive  of  substrate, 
ranged  from  $0.04  to  $0.05  per  square  foot  of  product.  A  high  propor- 
tion of  Common  grade  lumber  contains  defects  that  cannot  be  overlaid. 
A  second  study  phase  found  that  abrasive  planing  (for  surface  defects) 
and  urethane  foam  fillers  (for  voids)  are  promising  repair  techniques. 
Using  selected  or  repaired  lumber,  overlaid  products  can  be  manu- 
factured within  a  competitive  price  range.  There  is  no  strong  market 
acceptance  for  such  products  at  present,  however,  and  aggressive 
market  development  will  be  needed.  Commercial  feasibility  is  currently 
restricted  by  the  need  for  an  effective  automated  defect  repair  system, 
and  by  lack  of  assured  markets. 


Keywords:  Pinus  ponderosa,  forest  products,  lumber  finishing. 
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Roll  Laminating  Fiber  Overlays  on  Low-Grade 
Ponderosa  Pine  Lumber 

by 

Lincoln  A.  Muller,  Roland  L.  Barger,  Arthur  Bourke,  and  Donald  C.  Markstrom 


INTRODUCTION 

,ower  Common  grades  of  softwood  lumber  have 
istorically  been  marginal  products,  for  which 
emand  and  price  are  poor.  The  problem  is 
>articularly  acute  in  southwestern  ponderosa 
)ine,  where  approximately  two-thirds  of  the 
umber  produced  falls  in  grades  3  Common  and 
ower.  For  the  entire  Inland  Region,  including 
tie  Southwest,  approximately  half  of  the  lum- 
er  produced  is  grade  3  Common  or  lower.  Due 
o  increasing  utilization  of  younger  residual 
md  second-growth  stands,  the  proportion  of 
dw  Common  lumber  is  likely  to  remain  high, 
'he  purpose  of  this  study  was  to  investigate, 
>n  a  pilot-plant  scale,  the  technical  and  eco- 
omic  feasibility  of  upgrading  low-quality  pon- 
erosa  pine  lumber  by  applying  fiber  overlays. 

The  study  ultimately  included  two  phases, 
me  concerned  with  roll-laminating  fiber  over- 
tys  on  acceptable  lumber  substrates,  and  a 
econd  concerned  with  methods  of  repairing 
efects  that  are  unacceptable  for  overlaying  in 
iw-grade  lumber.  Phase  I  included  a  market 
nalysis  for  overlaid  products,  an  analysis  of 
uality  requirements  for  lumber  substrates,  and 
evelopment  of  roll-laminating  techniques.  Re- 
alts  indicated  that  effective  lumber  repair 
tethods  were  needed  to  make  the  process 
'fective.  Phase  II  was  initiated  to  evaluate 
Dtential  repair  methods,  including  chemical 
id  wood-plug  patching,  abrasive  planing,  and 
dective  cut-up. 

Basic  research  to  identify  the  most  prom- 
ing  overlay  techniques  and  materials  has  been 
nderway  since  1932.  These  earlier  efforts,  some 
'  which  have  been  reported  previously  (Barger 
id  Fleischer  1964,  Fleischer  and  Heebink  1964, 
all  1954,  Heebink  1961),  showed  that  the  over- 
y  process  had  considerable  potential  for  im- 
[•oving  the  surface  characteristics  of  plywood 
ad  lumber.  When  most  of  this  basic  work  was 
I'mpleted,  however,  overlaying  was  essentially 
istricted  to  batch  process  methods.  The  batch 
jocess  imposed  severe  production  limitations 
pon  the  overlaying  of  lumber,  and  limited  the 
(nfiguration  of  overlay  and  size  of  material 
lat  could  be  handled.  Consequently,  overlaid 


products  received  little  attention  until  recent 
developments  in  adhesives  and  roll-laminating 
equipment  made  it  possible  to  apply  overlays 
to  lumber  continuously,  and  to  wrap  the  over- 
lay around  the  edges  of  the  board.  The  roll 
laminator  used  in  our  study  was  patterned  after 
a  prototype  developed  in  the  laboratories  of 
National  Starch  and  Chemical  Company,  and 
was  built  by  Eric  Riebling  Company,  New 
York.2 

Although  not  all  the  technical  problems  in 
overlaying  were  entirely  resolved  by  earlier 
work,  those  familiar  with  the  development 
agreed  that  the  process  was  ready  for  pilot  test- 
ing. The  pilot  plant  was  located  at  the  Duke 
City  Lumber  Company  plant  in  Albuquerque, 
New  Mexico,  under  a  cooperative  agreement. 
The  plant  processes  lumber  received  from 
several  company  mills  in  Arizona  and  New 
Mexico,  which  provided  ready  access  to  a  full 
range  of  lumber  grades. 


PHASE   I: 

OVERLAID  PRODUCT  MARKET  ANALYSIS 
AND  MANUFACTURE 

The  Market  Analysis 

A  preliminary  market  analysis  was  needed 
to  provide  a  basis  for  selecting  the  most  prom- 
ising overlaid  products  for  pilot-plant  tests. 
With  the  assistance  of  a  consulting  firm  that 
specializes  in  analyzing  markets  for  construction 
products,  a  market  screening  study  was  con- 
ducted to: 

1.  Identify  overlaid  products  that  offered  great- 
est potential. 

2.  Identify  major  competitive  products. 

3.  Determine    performance   requirements   and 
price  levels  for  such  products. 

4.  Estimate  market  size  and  characteristics. 


*Trade  and  company  names  are  used  for  the  b> 
of  the   reader,   and  do   not   imply  endorsement  or  pn 
ential  treatment  by  Die  U.  S.  Department  oj  Agriculture. 


Product  Screening  and  Market  Investigation 

The  consultant,  with  Forest  Service  and  in- 
dustry representatives,  selected  7  out  of  20 
potential  overlaid  lumber  products  for  study: 
siding,  fascia,  shelving,  molding  and  trim,  door 
jambs,  paneling,  and  stadium  seats.  These  pro- 
ducts held  promise  of  being  economically  com- 
petitive, could  meet  performance  requirements 
using  a  low-grade  substrate  material,  and  could 
capitalize  on  the  advantages  offered  by  an  over- 
laid surface.  Preliminary  market  investigations 
indicated  that  three  of  the  seven— siding,  shelv- 
ing, and  molding  and  trim— offered  the  greatest 
market  potential.  Major  study  efforts  were 
therefore  concentrated  on  evaluating  the  market 
potential  for  these  three  products. 

Market  information  was  obtained  largely 
through  personal  interviews  with  representa- 
tives of  relatively  large  builders  and  retail 
lumber  dealers.  A  total  of  179  interviews  were 
obtained  in  three  study  areas— Chicago,  Los 
Angeles,  and  Dallas-Fort  Worth. 

In  brief,  the  study  indicated  that  market 
opportunities  may  exist  for  a  siding  product 
capable  of  meeting  specified  performance  re- 
quirements at  a  competitive  price.  Overlaid 
lumber  siding  offers  sound-absorbing  qualities 
superior  to  both  hardboard  and  metal  siding 
products  and  provides  an  excellent  paint  base 
for  either  on-the-job  finishing,  or  prepriming 
and  or  finishing.  Hardboard  appears  to  be  the 
major  competitor  in  the  painted  siding  market. 

Molding  and  trim  markets  are  attractive, 
and  offer  significant  opportunities  for  overlaid 
paintable  products.  A  large  proportion  of  the 
softwood  molding  and  trim  now  sold  is  finger- 
jointed,  and  is  either  prefinished  by  printing  or 
overlaying,  or  is  painted  on  the  job  site.  Grain- 
printed  and  vinyl-overlaid  moldings  are  already 
widely  accepted  and  used,  and  have  conditioned 
the  market  to  accept  a  paintable  overlay. 
Builders  expressed  a  willingness  to  buy  and  try 
paintable  overlaid  molding  and  trim,  believing 
that  the  product  would  offer  superior  surface 
appearance  and  performance. 

The  market  potential  for  overlaid  shelving 
is  less  assured,  primarily  because  alternative 
materials  are  numerous  and  shelving  is  not  a 
particularly  discriminating  use.  Lumber  con- 
tinues to  dominate  the  shelving  market,  how- 
ever, indicating  a  potential  market  for  overlaid 
standard  lumber  widths.  Because  overlaid  shelv- 
ing can  offer  advantages  in  ease  of  finishing 
(or  prefinishing),  appearance,  performance,  and 
maintainability,  major  markets  might  be 
developed  for  commercial  shelving  and  fixtures. 

For  all  of  the  product  markets  studied, com- 
petitive   products    are   numerous   and   relative 


technical  advantages  among  these  alternative 
products  are  often  obscured  by  price  considera 
tions.    Producers   of   overlaid   products   shoulc  ' 
therefore  emphasize  such  inherent  advantage* 
of  overlays  as  superior  appearance,  finish  dura 
bility,  performance,   and  ease  of  maintenance 
The  market  analysis  underscores  the  need  fo  ' 
aggressive  test  marketing  and  pilot  installation 
as  an   effective   means   of  overcoming  the  un 
familiarity   and    apprehension  associated  wit! ' 
new  products. 

Other  conclusions  of  general  interest  fron 
the  market  analysis  were: 

1.  The  concept  of  overlaid  lumber  products  i  ! 
generally   acceptable,  and  even  attractive 
to  many  potential  users  if  the  products  offei 
performance     or     price    advantage^    ove 
present  products. 

2.  The  color  of  the  overlay  was  found  to  b 
important  to  the  trade,  even  if  the  produc 
is  to  be  painted  after  installation.  White  oi 
light-colored  overlays  have  greater  sale 
appeal,  and  are  more  compatible  with  a  ful 
range  of  finish  colors.  Priming  isconsidere< 
desirable  over  naturally  dark  overlay  mate 
rials  such  as  vulcanized  fiber. 

3.  Primed  and  unfinished  sidings  presentlj 
have  greater  builder  acceptance  than  pre 
finished  products,  because  they  require  les; 
care  in  handling  and  installation  and  can  b» 
finished  in  any  color  desired.  Builders  re 
acted  favorably  to  the  good  paint  bas 
offered  by  overlays. 

4.  Markets  for  lumber  siding  have  declinei 
severely  in  the  past  decade,  with  majorcom 
petitors  being  hardboard  and  aluminuir 
Overlaid  siding  can  offer  some  of  the  ac 
vantages  of  these  materials— good  finishinj 
base,  appearance,  and  maintainability- 
while  providing  the  ease  of  installation 
strength,  and  insulating  qualities  of  a  soli' , 
wood  product. 


Limitations  and  Scope 

The  market  investigation  was  a  broa 
screening  study  to  identify  products  and  mai 
kets  offering  greatest  promise.  The  conclusion 
are  consequently  subject  to  certain  limitation.1 
Only  lower  Common  grades  of  ponderosa  pin 
lumber  were  considered  as  substrates,  excel 
for  molding  and  trim  products.  All  sample 
used  in  the  marketing  study  were  overlaid  wit 
vulcanized  fiber,  a  blue-gray  product,  withoi 
benefit  of  pre-priming.  Lighter  colored  overlaj 
or  a  primed  overlay  would  be  expected  to  n 
ceive  a  more  enthusiastic  response  for  moi 
uses.  The  study  was  also  limited  to  three  majc ' 


narket  areas— Chicago,  Dallas-Fort  Worth,  and 
jOS  Angeles— and  was  largely  restricted  to 
milding  products  suitable  for  distribution 
hrough  retail  lumber  dealers.  The  conclusions 
:eached  do  not  necessarily  apply  to  products 
jnade  with  better  quality  substrates,  to  smaller 
jnarkets  or  markets  in  other  regions  of  the 
jountry,  or  to  products  designed  for  remanu- 
acturing  uses. 

The  study  also  considered  only  products  (1) 
or  which  overlaying  was  known  to  be  tech- 
lically  feasible  with  currently  available,  over- 
kys,  adhesives,  and  techniques,  and  (2)  which 
jould  be  marketed  in  sufficient  volume  to  ab- 
|orb  the  production  of  a  number  of  mills.  While 
his  broad  approach  to  utilizing  large  volumes 
f  low-grade  lumber  may  not  appear  immedi- 
tely  promising,  there  is  a  strong  possibility 
hat  individual  firms  can  develop  attractive 
pcalized  or  regional  markets  for  specific  pro- 
ucts,  capitalizing  on  their  established  sales 
rganization  and  clientele. 


Selection  of  Overlays  and  Adhesives 

iUmber  Overlays 

Overlays  for  lumber  must  have  some  ca- 
pacity to  shrink  and  swell  with  dimensional 
jhanges  in  the  substrate.  Potential  lumber 
verlays  include  vulcanized  fiber,  parchments, 
'nd  acrylic  and/or  phenolic  reinforced  papers. 
Five-mil  vulcanized  fiber  has  been  used  most 
"xtensively  in  lumber  overlay  investigations, 
nd  was  used  in  all  pilot  production  runs  to 
istablish  overlaying  costs  and  standard  oper- 
|tirig  procedures.  Because  considerable  perform- 
tnce  information  is  available  for  5-mil  vulcanized 
||ber,  it  was  also  used  as  a  standard  against 
hich  performance  of  other  overlays  was 
jdged. 

Ten-mil  vulcanized  fiber  was  used  in  limited 
«sts  to  evaluate  the  effectiveness  of  heavier 
verlays  in  covering  defects.  The  overlay  ex- 
jibited  superior  bridging  and  hiding  effective- 
lless,  but  because  of  its  stiffness  andspringback 
Indency,  it  could  not  be  successfully  wrapped 
ith  presently  available  adhesives.  The  heavier 
yerlay  may  afford  some  advantages  where  wrap 
j  not  essential  and  the  product  can  justify  the 
ore  expensive  overlay. 

Parchment  overlays  ranging  from  IV2  to  5 
ils  (including  bleached-unbleached  and  filled- 
nfilled  variations )  were  also  evaluated.  The  V/2- 
il  parchment   was   difficult  to  handle  due  to 


high  hygroscopicity  and  low  wet  strength.  Parch- 
ments from  2y2  to  5  mils  thick  performed  satis- 
factorily. Compared  to  5-mil  vulcanized  fiber,  the 
heavier  parchments  afford  some  advantages  in 
cost  and  adaptability  to  roll  laminating.  The 
durability  of  finishes  on  parchment  is  subject  to 
question,  however,  and  resistance  to  substrate 
defect  stresses  is  low.  Parchments  also  allow 
greater  showthrough  of  defects  and  stains  on  the 
substrate,  which  could  create  some  objectionable 
market  reaction. 

A  variety  of  other  overlays  ranging  from  4 
to  20  mils  were  found  to  perform  less  favorably 
than  vulcanized  fiber  or  parchment.  Brief  trial 
runs  were  also  made  with  printed  vinyls,  which 
roll  laminated  satisfactorily.  Vinyls  are  suitable 
for  interior  use  only,  however,  and  therefore 
have  limited  application. 


Roll-laminating  Adhesives 

The  roll-laminating  process  depends  on  the 
use  of  thermosetting  adhesives  with  specific  op- 
erating characteristics.  Cross-linking  polyvinyl 
acetate  adhesives  were  found  to  perform  most 
satisfactorily.  Several  formulas  were  tested,  with 
no  single  formula  having  a  clearcut  superiority 
over  others.  Difficulty  was  experienced  in  oper- 
ating with  any  of  the  available  adhesive  formu- 
lations at  in-plant  temperatures  below  45°F.and 
above  105°F.  The  ultimate  selection  of  an  ad- 
hesive formula  for  a  particular  roll-laminating 
operation  depends  on  the  equipment  and  over- 
lay material  to  be  used. 


Selection  of  Lumber  Substrate 

Much  early  study  effort  was  required  to 
define  the  types  and  extent  of  defect  allowable 
in  overlay  stock  selected  from  Common  lumber 
grades.  Overlays  of  the  type  being  investigated 
cannot  successfully  span  voids  of  any  conse- 
quence, and  will  not  perform  adequately  over 
rough  grain  and  skip.  The  number  and  severity 
of  such  defects  increases  gradually  as  lumber 
grade  decreases. 


Development  of  Roll-laminating  Grade 

Major  objectives  of  lumber  evaluation  work 
were  to  determine  the  proportion  of  overlayable 
lumber  obtainable  from  each  commercial  grade, 
and  to  establish  realistic  criteria  for  an  over- 
layable   lumber    grade.   Approximately   100,000 


board  feet  of  lower  Common  grade  lumber  was 
examined  in  detail  and  regraded  for  roll  lami- 
nating trial  runs.  Defects  in  each  board  were 
recorded  in  numerical  code  on  a  portable  punch- 
card  system.  Recorded  information  included 
defect  types,  number,  severity,  and— to  some 
extent— location  in  the  board.  Later  observa- 
tions of  performance   of  the   board   as   a  sub- 


strate could  then  be  keyed  back  to  the  type  or 
severity  of  defect  involved. 

Through  trial  and  error,  testing,  and  ob- 
servation of  substrate  performance  in  repeated 
laminator  runs,  allowable  limits  of  defect  in 
overlay  stock  were  progressively  better  defined. 
These  limits  have  been  incorporated  into  an 
"overlayable  lumber  grade"  (table  1). 


Table  1 .--Specifications  for  overlayable  lumber  grade1 


Defect 


Allowable  limits 


Not  allowable 


Knots 

Knotholes 
Manufacturing  defects 


All  tight,  smooth  knots 
Firm,  smooth,  encased  knots 

1/4  inch  or  less 

Chipped  grain 

Raised  grain 

Slight  torn  grain  (1/32"  max. 


Loose,  decaved,  split,  fractured, 
or  rouqh  encased  knots 

All  others 

Loosened  or  separated  grain 
Skip 

Handling  damage  (dog  marks, 
strap  crush,  etc. ) 


Decay 

Firm,  without  voids 

All 

others 

Holes,  insec 

t, 

etc. 

1/4  inch  or  less 

All 

others 

Checks 

Surface  checks 

All 

others 

Pitch  and 

bark 

pockets 

Smooth,  without  voids 

All 

others 

Compression 

wood 

None  allowed 

-- 

Shake 

None  allowed 

-- 

Pith 

None  allowed 

-- 

Spl its 

Short  splits,  end 

All 

others 

Wane 

Equivalent  to  eased 

edge 

All 

others 

Warp: 
Bow 
Crook 
Cup 
Twist 

Very  light2 
Light2 
Very  light2 
Very  light2 

All 
All 
All 
All 

others 
others 
others 
others 

Moisture  content 


10  percent  averaqe,  with 
variation  not  to  exceed 
±  2  percent 


All   others 


Summary  description  of  grade:  Allowed—All  soild  and 
light  rough  or  torn  grain  if  limited  in  depth  and  area.  Not 
skips ,  and  warp. 

2  As  defined  by  Western  Wood  Products  Association   (WWPA 


smooth  defects   regardless  of  size; 
allowed—Voids ,  severe  splits,   checks, 


standard  grading  specifications. 


Recovery  from  Common  Grades 

Varying  quantities  of  lumber  in  all  Common 
grades  may  meet  roll-laminating  grade  specifica- 
tions, but  the  proportion  generally  declines  as 
the  lumber  grade  drops.  The  lower  grades  of 
lumber  allow  more  defects  that  are  of  severe 
consequence  in  roll  laminating.  For  defects  such 
as  unsound  knots  and  knotholes,  however, 
differences  between  grades  are  largely  in  defect 


size  rather  than  frequency  of  occurrence,  and 
affect  about  the  same  proportion  of  boards  in 
grade  3  as  grade  4. 

To  obtain  a  more  conclusive  estimate  of 
the  volume  of  lumber  suitable  for  roll  laminat- 
ing, lumber  representative  of  grades  3,  4,  and 
5  Common  was  inspected  and  regraded  (table2). 
The  sample  lumber  was  selected  and  graded  at 
three  widely  separated  mills,  to  minimize  effects 
of  defect  peculiar  to  a  mill  or  geographic  area. 


Table  2. --Recovery  of  overlayable  grade  lumber 
from  Common  lumber  at  three  south- 
western mills 


Common 
lumber 
grade 

Acceptable 

overlay 

stock 

Unacceptable 

Rep 

airable1  Nonrepai rable2 

3 

4 
5 

24 
8 
0 

Percent 
67           9 
59          33 
14          86 

defects   that  could  be  repaired  with  plugs, 
-ynthetic  fillers,  or  similar  techniques. 

2Defects  of  type,  size,  or  number  that 
;xceed  practical  limits  of  repair  except  by 
cut-up. 


Overlaid  Product  Manufacture 

Roll-laminating  Equipment 

The  roll  laminator  (fig.  1)  obtained  for  the 
study  applies  adhesive-coated  overlay  materials, 
heated  to  a  precise  tack  point,  to  lumber  as  it 


Figure  1. — The  roll  laminator  was  developed  to 
continuously  laminate  fiber  overlays  to  lum- 
ber  substrates . 


Infrared 
oven 


Spread  regulating  bar 

Adhesive  reservoir 
and  spread  rolls 


Overlay  supply  roll 


Overlay  form  and 
wrap  rolls 

(+)  Outfeed  - 

.......,..■.,...,         .1.  ......         •  '  •  I  •  •  if 


Figure   2. — A   schematic  drawing  of   the  roll   laminator  illustrates  how  fiber  overlay  material, 
adhesive,    and  lumber  are  brought    together  in  proper  sequence. 


passes  through  nip  rolls. The laminator provides 
the  coordinated  mechanical  systems  necessary 
to  feed  overlay  material,  spread  adhesive,  tack- 
ify  adhesive,  feed  lumber,  and  apply  and  wrap 
the  overlay  on  the  substrate  (fig.  2).  Adhesive 
is  picked  up  from  a  supply  trough  by  conven- 
tional spreader  rolls.  Paper  is  fed  across  the 
glue  spreader  roll  and  spread  regulating  bar. 
The  adhesive-coated  paper  then  passes  through 
a  bank  of  infrared  heaters  where  it  is  dried  to 
the  proper  tack,  and  is  passed  to  the  main  nip 
roll.  Lumber  passes  through  infeed  alinement 
rolls,  through  the  main  nip  roll  where  the  over- 
lay is  applied,  and  then  through  successive 
pairs  of  wrap  rolls  (fig.  3).  The  wrap  rolls  are 
mounted  on  a  floating  carriage  to  allow  com- 
pensating movement  for  variation  between 
boards.  The  laminator  regulates  adhesive  spread, 
overlay  web  tension,  heater  temperature,  and 
feed  rate. 

Major  modifications  to  the  basic  machine 
included  a  power  infeed  system  and  a  brush 
and  vacuum  lumber  cleaning  unit  in  the  infeed 
line.  An  adhesive  pump  system  was  added  to 
supply  adhesive  to  the  overhead  trough,  and 
an  overhead  hoist  was  installed  to  facilitate 
handling  rolls  of  overlay  material. 


Figure  3.— The  outfeed  end  of  the  roll  lamina- 
tor contains  the  roller  system  that  wraps  an 
overlay  around  the  edges  of  the  board. 


Pilot  Test  Production  Runs 

Products  manufactured  in  the  pilot  plant 
included  overlaid  4/4  lumber  of  various  widths, 
bevel  siding,  stadium  seat  stock,  and  window 
and  door  casing  stock.  In  general,  both  product 
quality  and  rate  of  production  were  satisfactory 
for  all  of  these  products. 


For  beveled  siding,  5/4  Common  lumber  was 
overlaid  on  both  sides;  one  face  and  edge  were 
overlaid  on  each  of  two  passes  through  the 
laminator.  The  material  was  then  resawn  to  a 
standard  bevel  siding  pattern.  Although  pre- 
cut  bevel  siding  stock  can  be  overlaid  in  the 
laminator,  substantial  mechanical  modifications 
are  required.  Double-overlaying  and  resawing 
5/4  flat  stock  is  more  convenient,  providing 
damage  to  the  overlay  during  resawing  can  be 
minimized.  Bevel  resawing  lower  grade  knotty 
lumber  can  also  be  complicated  by  knots 
chipping,  shattering,  or  deflecting  the  saw  be- 
yond allowable  tolerances.  Trials  on  unoverlaid 
lumber  with  a  30-inch  standard  bandsaw  did  not 
reveal  any  serious  problems,  however. 

Stadium  seat  stock  was  produced  without 
difficulty  by  applying  the  overlay  to  the  top 
face,  and  wrapping  around  both  edges  of  8/4 
stock.  A  special  guide  was  installed  on  the 
laminator  to  help  form  the  overlay  around  the 
added  thickness. 

Production  of  door  and  window  casing  stock 
was  limited  to  relatively  simple  profiles  at  least 
3y2  inches  wide,  the  minimum  width  for  the 
pilot  plant  laminator.  Because  much  of  the 
lumber  commonly  used  for  trim  items  is  of 
higher  grade,  such  production  would  not  con- 
tribute directly  to  the  solution  of  the  low-grade 
lumber  problem.  It  could  complete  an  overlaid 
siding  or  paneling  system,  however. 

All  production  runs  were  made  at  machine 
speeds  of  90  to  130  lineal  feet  per  minute.  The 
minimum  practical  speed  for  operation  of  the 
roll  laminator  is  approximately  60  feet  per 
minute.  Short  feasibility  runs  were  made  at 
speeds  as  high  as  180  feet  per  minute. 


Process  Quality  Control 

A  number  of  process  conditions  are  poten- 
tially variable.  Fluctuations  in  adhesive  spread 
and  heater  temperature,  lag  or  overshoot  in 
control  responses,  and  variation  in  substrate 
temperature  and  moisture  content  may  affect 
product  quality.  Quality  of  the  initial  adhesive 
bond  must  be  judged  at  frequent  intervals 
during  the  production  process,  as  a  basis  for 
making  equipment  adjustments.  Later  tests  are 
needed  to  evaluate  the  quality  of  the  cured  glue 
bond. 

Two  quality  tests  developed  by  the  Forest 
Products  Laboratory  were  used  extensively.  The 
first  employs  a  vacuum  cup  device  to  apply  a 
lifting  force  to  the  overlay  on  any  selected 
surface  area  (fig.  4).  The  device  is  particularly 
useful  in  testing  bond  quality  over  defects.  The 
second  is  a  variation  of  the  established  vacuum- 


soak  test  procedure  (initial  vacuum,  followed  by 
hall-hour  soak,  and  subsequent  ovendrying),  to 
simulate  a  variety  of  use  conditions. 

Other  quality  control  tests  developed  include 
a  peel  test  and  a  whole-board  soak  test.  As  the 
name  implies,  the  peel  test  consists  of  stripping 
the  overlay  from  a  board  surface  by  hand  and 
noting  the  fiber  failure.  This  is  perhaps  the 
most  useful  test  of  initial  adhesive  bond, 
although  it  requires  an  experienced  observer. 
Peel  strength  can  be  observed  at  frequent  inter- 
vals during  production  as  a  quick  check  on 
bond  adequacy.  In  the  whole-board  soak  test, 
glue  lines  are  subjected  to  all  the  interacting 
stresses  that  occur  with  major  moisture  content 
changes  in  the  substrate.  Results  of  exposure 
tests  conducted  to  date  correlate  better  with  the 
whole-board  soak  test  than  with  any  other 
quality  tests. 

Achieving  a  desired  level  of  product  quality 
requires  considerable  experience,  training,  and 
attention  to  detail  by  the  operator.  The  basic 
requirements  for  implementing  quality  control 
are: 

1.  Cleanliness  of  equipment,  substrate,  overlay, 
and  adhesive. 

2.  Positive  control  of  overlay  tension. 

3.  Uniform  spread  of  adhesive. 

4.  Accurate  temperature  control,  coupled  with 
precise  speed  control. 


Figure  4. — £  suction  device  provides  a  quick 
evaluation  of  initial  overlay-to-substrate 
glue  bond  quality. 


Production  Costs 

True  costs  of  production  are  difficult  to 
derive  from  pilot  plant  operations,  since  auxiliary 
equipment  and  conditions  of  production  are 
usually  somewhat  primitive.  Nevertheless,  pilot 
plant  costs  can  provide  a  factual  basis  for  judg- 
ing full  production  costs,  and  can  focus  attention 
on  the  relative  importance  of  the  various  pro- 
duction factors. 


Total  costs  of  production  includeu  costs  of 
the  overlay  and  substrate,  direct  processing 
material  and  labor  costs,  and  indirect  equipment 
and  facility  costs.  Only  direct  material  and  labor 
use  per  unit  of  production  can  be  observed  and 
measured  during  pilot  plant  operations;  indirect 
costs  and,  to  some  extent,  substrate  costs  must 
be  estimated  on  the  basis  of  probable  operating 
conditions  and  alternatives. 

Costs  of  overlay  stock  will  vary  with  general 
lumber  market  conditions,  and  with  the  intra- 
company  structure  and  affiliations.  Assuming 
that  the  typical  overlay  operation  will  be  a  cap- 
tive plant  affiliated  with  a  lumber-producing 
firm,  lumber  may  be  available  at  prevailing  f.o.b. 
mill  lumber  prices.  The  ultimate  cost  of  lumber 


Table  3. --Estimated  costs  of  overlayable  sub- 
strates of  ponderosa  pine  lumber  by 
three  alternatives 


Input 
by 

Thick- 

Width 

F.o.b. 

mill 

val ue1 

Alternatives2 

grade 
number 

ness 

1 

2    3 

In 

ches 

Dollars/ 

Dollars 

M  b.m. 

D  Sel3 

8/4 

RW 

229 

229 

2C3 

4/4 

6 

106 

106 

2C 

4/4 

8 

98 

98 

3C 

4/4 

8 

73 

73 

124   95 

31 

4/4 

12 

84 

84 

151   104 

41.: 

4/4 

8 

57 

57 

315  106 

4C 

4/4 

12 

6  3 

63 

390  108 

^-year  averages  (1966-70)  for  dry,  fin- 
ished lumber  at  inland  mills. 

2Alternative  1   assumes   that  only  lumber 
meeting  overlay  substrate  specifications   is 
selected  from  each  grade;  2  assumes   that  lum- 
ber is   purchased  by  mi  11 -run   grade,  with   lum- 
ber not  meeting  substrate  specifications  being 
resold  at  next  lower  grade   (for  example,  cull 
from  3C  sold  as   4C);   3  assumes   that  lumber  is 
purchased  by  mi  11 -run  grade,  with   repairable 
lumber  chemically  repaired  and  nonrepayable 
lumber  resold  at  next  lower  grade.     See  appen- 
dix I   for  calculations  of  substrate  cost  under 
alternatives  2  and  3. 

3D  Select  and  2  &  Btr.  grades  considered 
for  specialty  products  only  (stadium  seating, 
fascia);  most  of  lumber  in  the  grade  would  be 
an  acceptable  substrate. 


for  overlaying  will  depend  on  whether  the  over- 
lay plant  can  obtain  selected  portions  of  each 
grade,  or  must  purchase  and  use  (by  repairing 
or  reselling)  mill-run  grade  lumber.  Long-term 
average  f.o.b.  mill  values  for  mill-run  grades  of 
ponderosa   pine   lumber  are  shown  in  table  3, 


along  with  estimated  costs  of  overlayable  lumber 
substrate  under  each  of  three  operating  alterna- 
tives. 

A  series  of  pilot  plant  runs  of  1  to  4  hours' 
duration  were  made  to  facilitate  estimating 
direct  material  and  labor  costs  per  unit  of  pro- 
duction (table  4).  During  each  run  a  single 
product  involving  one  substrate  size  and  one 
overlay  was  processed.  Direct  consumption  or 
use  of  materials  and  labor  was  recorded  and 
related  to  quantity  of  overlaid  product  manu- 
factured. The  pilot  plant  runs  also  provided  a 
means  of  measuring  such  costs  as  machine  set- 
up time,  cleanup  time,  and  operational  delays. 

Indirect  costs  were  estimated  as  accurately 
as  possible  for  two  levels  of  production— single 
laminator  operated  one  shift  per  day,  and  single 
laminator  operated  two  shifts  per  day.  Operating 
assumptions  and  cost  schedules  used  are  dis- 
cussed in  the  appendix. 

Total  projected  costs  of  manufacturing  over- 
laid lumber  products,  including  substrate  and 
direct  and  indirect  processing  costs,  are  aggre- 
gated in  table  5.  Some  of  the  direct  processing 


costs  shown  are  likely  to  be  higher  than  they 
would  be  in  a  fully  developed  production  oper- 
ation. Factors  that  tend  to  increase  costs  in  the 
pilot  plant  include: 


1.  Relative  inexperience  of  the  operating  crew. 
The  crew  is  "borrowed"  from  other  mill 
duties  to  work  with  the  laminator  at  infre- 
quent intervals,  and  may  consequently  be 
less  efficient  than  a  full-time  production 
crew. 

2.  Lack  of  modifications  and  mechanical  im- 
provements that  could  be  made  on  the  roll 
laminator.  Presumably,  a  production  opera- 
tion could  capitalize  on  all  the  mechanical 
improvements  made  or  underway  to  date, 
plus  others  that  might  become  apparent  in 
sustained  production. 

3.  Lack  of  efficient  equipment  and  facilities 
for  lumber  infeed,  outfeed,  and  paper  and 
adhesive  loading.  A  production  operation 
would  benefit  from  more  efficient  auxiliary 
equipment  and  facilities. 


Table  4. --Direct  material   and  labor  used,   and  costs   incurred  in  pilot  plant  trial   operations1 


Overlaid  lumber 


Lumber 
substrate 


Overlay 


Adhesive 


Operatinq   labor 
and  supervision 


Setup-cleanup 
labor 


Cost  basis 

1-  by  8-inch 
Per  M  lineal 

feet 
Per  M  square 

feet 


Units 

used   Pol lars 

M  sq.ft.   (2) 


0.71 
1.06 


Units  Units 

used   Dollars   used 


Dol lars 


Units  Units 

used   Dollars   used   Dollars 


M  sq.ft  21.60   Pounds    0.45   Minutes   0.272  Minutes   0.046 


1-  by  12- inch 
Per  M  1 ineal 
feet  (and  M 
square  feet)  1 .06 


0.91 
1.37 

1.28 


19.66 
29.59 

27.65 


14.1 
21.2 

16.2 


6.35 

9.54 

7.29 


14.6 
21.9 

12.9 


3.97 

5.96 

3.51 


3.2 
4.8 

3.2 


0.15 
.22 

.15 


'Pilot  plant  trial  runs  to  establish  production  costs  were  made  with  1-  bv  8-  and  1-  by  12- 
inch  4/4  lumber  substrates,  overlaid  with  5-mil  vulcanized  fiber,  sinqle-face  overlay,  with  both 
edges  wrapped. 

2Substrate  costs  depend  on  input  grade  and  available  operatinq  alternatives  (see  table  3). 
Substrate  use  reflects  an  average  trim  loss  of  5.7  percent  of  the  overlaid  product. 


able  5. --Total   projected  production  costs,   in  M  square  feet,   for  selected  overlaid  lumber  products1 


'roduction  cost  item 


1-   by  8-inch  product,   using-- 
Grade  3  Common         Grade  4  Common 


1-  bv  12-inch  product,   usinq-- 


Grade  3  Common 


Grade  4  Common 


ubstrate: 2 


Alternative  1 

$     77.38 

Alternative  2 

131.44 

Alternative  3 

100.70 

Hrect  processing: 

Overlay 

29.59 

Adhesive 

9.54 

Labor 

6.18 

Electrical   power 

.41 

indirect: 

Equipment  investment 

and  depreciation 

Single  shift 

2.30 

Double  shift 

1.15 

Building  and  facilities 

Single  shift 

.51 

Double  shift 

.25 

Taxes,   insurance,  main- 

tenance (6  percent 

times   investment) 

Single  shift 

.59 

Dougle  shift 

.30 

"otal   production: 

Substrate  alternative  1 

Single  shift 

126.50 

Double  shift 

124.80 

Substrate  alternative  2 

Single  shift 

180.56 

Double  shift 

178.86 

Substrate  alternative  3 

Single  shift 

149.82 

Double  shift 

148.12 

60.42 
333.90 
112.36 


29.59 

9.54 

6.18 

.41 


2.30 
1.15 


.51 

.25 


.59 
.30 


109.54 
107.84 

383.02 
381.32 

161.48 
159.78 


89.04 
160.06 
110.24 


27.65 

7.29 

3.66 

.27 


1.53 
.77 


.34 
.17 


,39 
,20 


130.17 
129.05 


201. 
200. 


19 

(17 


$  66.78 
413.40 
114.48 


27.65 

7.29 

3.66 

.27 


1.53 
.77 


.34 
.17 


.39 
.20 


107.91 
106.79 

454.53 

453.41 


151.37 
150.25 


155. 
154. 


61 
49 


!Cost  calculations  based  on  pilot  plant  test  experience,   plus  operating  assumptions  and 
schedules   included  in  the  appendix. 

2Refer  to  table  3  and  substrate  cost  calculations   included  in  appendix   I.      Indicated  costs 
include  5.7  percent  trim  allowance. 


PHASE  II: 
EVALUATION  OF  LUMBER  REPAIR  TECHNIQUES 


The  Need  for  Repair 

Lumber  overlays  presently  available  cannot 
successfully  span  voids  of  any  consequence,  and 
generally  do  not  adhere  well  over  planer  skip 
or  rough  grain.  The  necessary  exclusion  of 
lumber  with  such  defects  accounts  for  the  low 
recovery  of  overlayable  lumber  from  Common 
grades  (see  table  2).  The  low  recovery  is  of 
primary  concern,  and  indicates  that  suitable 
lumber  repair  methods  must  be  developed  be- 
fore the  overlay  process  can  economically 
upgrade  low-grade  lumber.  Phase  II  of  this  study 
was  initiated  to  develope  and  evaluate  the 
technical  feasibility  of  a  number  of  methods  of 
repairing  defects  in  lumber. 


Lumber  Defects  and  Potential  Repair  Techniques 

Major  defects  that  affect  lumber  substrate 
acceptability  are  unsound  or  chipped  knots, 
knotholes,  and  rough  or  torn  grain.  Other  less 
frequent  defects  include  splits,  wane,  bark,  rot 
or  pitch  pockets,  crook,  and  pith  streaks  with 
associated  juvenile  wood. 

The  character  of  lumber  defects  varies  with 
both  lumber  grade  and  width.  The  larger  and 
more  severe  defects  allowed  in  the  lower  grades 
and  wider  widths  are  more  difficult  to  repair. 
Frequency  of  defect  occurrence,  however,  is 
relatively  independent  of  grade,  and  is  generally 
lowest  per  square  foot  of  board  area  in  the 
wider  widths.  Average  repairable  defect  occur- 
rence and  size  in  grades  3  and  4  Common 
lumber  are  illustrated  in  table  6.  Histograms 
(figs.  5,  6)  illustrate  the  frequency  of  distribu- 
tion of  the  repairable  defects  by  size  classes. 
Grade  5  Common  lumber  has  such  extensive 
"nonrepayable"  defect  (see  table  2)  that  it  can- 
not be  considered  a  potential  source  of  overlay 
material. 

For  the  defects  being  considered,  the  most 
promising  methods  of  repair  include  wood  plugs 
or  patches,  chemical  foam  repair,  abrasive  plan- 
ing, and  selective  cut-up.  Wood  plugs  or  patches 
can  be  quickly  applied  with  equipment  commer- 
cially available.  Chemical  patches  such  as  ure- 
thane  foams  can  also  be  applied  automatically, 
and  can  conform  to  virtually  any  size  and  shape 
of  open  defect.  Abrasive  planing  can  reduce  or 
correct  shallow  open  defect  such  as  rough  or 
to*m  grain.  Selective  cut-up  procedures  can  be 


Table  6. --Average  width,   length,   area,   and  num- 
ber of  defects   that  require  repair  in 
repairable  Common  grades  3  and  4 
lumber1 


Lumber 
width 
and 
grade 

Average  defect  size 

Defects 

per 
square 

foot 

Width       Length 

Area 

Inches 

Sq . i  n . 

No. 

4-inch: 

Grade 
Grade 

3 

4 

1,27  4.61 
1.47           6.97 

5.40 
11.27 

1.438 
1.701 

8-inch: 

Grade 
Grade 

3 
4 

1.89  5.06 
2.46           8.53 

10.42 
24.91 

1.381 
1.249 

12-inch 

Grade 
Grade 

3 
4 

2.33  5.18 
2.60         12.03 

13.75 
27.01 

.827 
.845 

*Data  based  on   repairable  proportion  of 
each  grade,   as  shown   in  table  2. 


used  to  remove  nonoverlayable  defects  from 
either  repairable  or  cull  lumber.  All  of  these 
potential  repair  methods  were  evaluated  during 
the  second  phase  of  the  study. 

Each  of  the  repair  methods  evaluated  was 
generally  limited  in  application  to  the  types  of 
defects  for  which  it  appeared  best  suited.  Defect 
types  for  which  specific  repair  methods  were 
tested  are: 

Applicable  defect  types 
Unsound  knots  and  knot- 
holes less  than  iy2  inches 
in  maximum  diameter. 
Unsound,  chipped  or 
broken  knots;  knotholes; 
wane  and  other  small 
voids;  bark,  pitch,  or  rot 
pockets. 

Torn,  chipped,  or  rough 
grain. 

Full  range  of  defects,  in- 
cluding splits,  severe 
checks,  etc.,  that  cannot 
be  repaired  by  other 
methods. 


Repair  method 

Wood  plugging 


Chemical    repair 

Abrasive  planing 
Selective   cut-up 


in 


Nominal  4  -inch  width 
3  common 


_l i i l l 


Nominal  8-  inch  width 


T  -iinf-      I I | | | 


Nominal  12- inch  width 


4        5       6        7       e        9       10       II       12 
Defect  width  (inches) 


Figure  5. — Frequency  of  occur- 
rence of  defects,  by  defect 
width  classes,  in  grades  3  and 
4  Common  ponderosa  pine  boards. 


Pilot  Tests  of  Repair  Methods 
Abrasive  Planing 

Abrasive  planing  tests  were  conducted  with 
a  double-belt  combination  sander-abrasive 
planer  (fig.  7).  Abrasive  grits  ranging  from  No. 
24  to  No.  100  were  evaluated  in  various  combi- 
nations oni  the  double-belt  unit  at  speeds  up  to 
200  feet  per  minute.  Accumulated  data  provided 
a  basis  for  estimating  abrasive  planing  capa- 
bilities in  terms  of  feed  rate,  material  removal, 
and  surface  characteristics  for  any  belt 
combination. 

An  edge  sander  was  added  to  the  pilot 
production  line  to  dress  edge  repairs  and  to 
provide  for  S4S  abrasive  finishing.  Stock  passed 
from  the  abrasive  planer  through  the  brush  and 
vacuum  lumber  cleaning  unit,  and  into  the  roll 
laminator. 

Roll  laminating  requires  a  relatively  smooth, 
unabraded  surface;  consequently,  grits  used  are 
limited  by  the  surface  characteristics  produced 
(fig.  8).  Considering  both  production  needs  and 
surface  acceptability,  a  combination  of  No.  36 
grit  (first  belt)  and  No.  50  grit  (second  or 
smoothing  belt)  was  found  best  for  processing 
overlay  stock. 

Abrasive  planing  successfully  "repairs" 
shallow  defects  such  as  planer  skip,  torn  grain, 


Nominal  12 -inch  width 


16      24     32     40     48     56     64    O 


16      24     32     40     48     56     64    0 
Defect  length  (inches) 


16      24     32      40     48      56      64 


Figure  6. — Frequency  of  occurrence  of  defects,   by  defect  length  classes, 
in  grades   3  and  4  Common  ponderosa  pine  boards. 
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and  the  characteristic  rough  grain  around  knots 
(fig.  9).  Abrasive  planing  also  provides  an  ideal 
method  of  resurfacing  patched  lumber,  because 
the  wood  or  chemical  patch  must  be  machined 
down  with  minimal  removal  of  stock  from  the 
board  itself.  The  process  also  removes  oxidized 
surfaces  and  pitch  exudations,  which  improves 
the  quality  of  the  overlay  glue  bond.  The 
slightly  textured  surface  resulting  from  abrasive 
planing  may  also  reduce  the  tendency  of  chem- 
ical patches  to  show  through  an  overlay. 

Ideally,  rough  lumber  designated  for  over- 
laying would  be  abrasive  planed,  thus  avoiding 
the  rough  and  pulled  grain  defects  caused  by 
conventional  knife  planing.  Abrasive  planing  is 
generally  slower  than  conventional  planing, 
however.  A  production  alternative  might  be  to 
surface  material  oversize  with  conventional 
planing,  and  complete  surfacing  to  size  with  an 
abrasive  planer. 

The  depth  of  defect  that  can  be  corrected 
by  abrasive  planing  is  limited  by  the  specified 
minimal  finished  thickness  of  the  stock.  As  a 
practical  matter,  abrasive  planing  is  most  effec- 
tive in  removing  defects  not  exceeding  0.02  to 
0.03  inch  in  depth  (reducing  25/32-inch  standard 
lumber  to  3/4-inch).  The  removal  of  0.02  inch 
of  material  from  conventionally  planed  lumber 
successfully  repaired  all  rough  and  pulled  grain 
areas,  and  reduced  thickness  variation  in  the 
stock. 


Figure  8. — Shadowlines  magnify  sur- 
face smoothness  differences  after 
sanding  with  No.  100  grit,  A_,  and 
No.  50  grit,  B,  at  a  feed  rate  of 
100  f.p.m. 


Figure  7. — The  abrasive  planer  used  in  the 
study  proved  effective  in  repairing  surface 
defects  such  as   torn  grain  and  planer  skips. 


Figure  9. — Torn  grain  before,  A,  and 
after,  B_,  a  single  pass  through 
the  abrasive  planer,  using  No.  36 
grit  front  sanding  belt  followed 
by  No.  50  grit.  Removal  of  0.02 
inch  of  material  generally  pro- 
vided adequate  repair. 
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Wood  Plugging 

Defects  in  lumber  can  be  repaired  by  boring 
out  the  defect  and  inserting  a  wood  plug,  as  in 
patching  plywood  panels.  This  method  of  patch- 
ing was  evaluated  with  a  commercially  available 
boring  and  plugging  machine  (fig.  10).  The 
machine  automatically  bores  out  the  defect  (as 
positioned  by  the  operator),  sprays  the  hole 
with  adhesive,  cuts  a  wood  plug,  and  positions 
it  in  the  hole.  A  complete  operating  cycle  re- 
quires 3  seconds.  Boring  depth  and  associated 
plug  thickness  can  be  varied,  and  multiple  over- 
lapping plugs  can  be  inserted  to  replace  larger 
defects. 

A  full  range  of  patch  thicknesses,  including 
5/32,  7/32,  3/8,  and  25/32  inch,  were  tested. 
Plugs  of  7/32-inch  thickness  proved  to  be  the 
most  convenient  to  install.  Plugs  the  full  thick- 
ness of  the  board  are  generally  unsatisfactory 
because  of  a  tendency  of  the  boring  bit  to  tear 
out  the  back  perimeter  of  the  hole.  When  plugs 


approaching  half  the  board  thickness  (3/8  inch) 
are  used,  two-side  patching  can  loosen  or  dis- 
lodge plugs  set  in  the  first  side. 

Wood  plugging  is  a  feasible  means  of  re- 
pairing defects  in  lumber  with  relatively  few, 
small  defects  (fig.  11).  The  wooden  plugs  are 
less  noticeable  on  the  board  surface  than  syn- 
thetic patches,  and  have  the  same  general 
texture  as  the  board  itself.  Additional  advantages 
are  that  plugging  can  be  used  for  defects  in  the 
edge  of  the  board  (provided  approximately  two- 
thirds  of  the  plug  width  is  contained  in  the  face 
of  the  board),  and  operation  of  plugging  equip- 
ment requires  little  specialized  training. 

Wood  plugging  has  the  disadvantages  of 
being  relatively  slow  and  expensive.  Other  dis- 
advantages of  plugging  are  restrictions  in  size 
and  shape  of  defect  that  can  be  plugged,  and 
slight  separations  that  may  develop  around  the 
plug.  Any  mismatch  in  grain  direction  and 
angle  between  board  and  plug  results  in  slight 
separations  around  the  patch,  which  contributes 
to  showthrough  and,  under  certain  conditions, 
to  overlay  failure  in  the  overlaid  stock  (fig.  12). 
Some  tendency  for  the  plug  circumference  to 
show  through  an  overlay  is  apparent  even  in 
well-matched  patches. 

Although  multiple  plugs  can  be  installed, 
experience  indicates  that  they  may  not  perform 
well.  Each  plug  tends  to  force  additional  ad- 
hesive under  the  preceding  plugs,  raising  them 
and  creating  a  stairstep  effect.  For  practical 
purposes,  the  size  of  defect  that  can  effectively 
be  plugged  is  limited  by  the  size  of  the  plug 
used.  Equipment  tested  in  the  pilot  plant  used 
1-9/16-inch  plugs  to  repair  defects  up  to  approx- 
imately r/j-inch  in  diameter.  This  size  plug  will 
completely  repair  only  about  one-third  of  the 
boards  in  the  2  Common  grade.  Equipment  is 
commercially   available    with    3-inch    plugging 


Figure  10. — Lumber  plugging  machine,  A_,  bores 
out  the  defect,  B_,  cuts  a  patch  to  size, 
applies  adhesive ,  and  sets  the  patch  in  a 
single  sequenced  operation. 


Figure  11. — Wood  plugs  can  be  used  to  repair 
defects  within  the  board,  or  on  the  edges  of 
the  board,  provided  approximately  two-thirds 
of  the  plug  is  within   the  board. 
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Table  7. --Estimated  costs,  per  M  square  feet, 
of  repairing  grade  2  Common  boards 
with  wood  plugs1 


Figure  12.— Examples  of  matched  and  mismatched 
grain  between  plug  and  board.  Well-matched 
grain,  A_,  minimizes  occurrence  of  gaps  be- 
tween plug  and  board,  B,  due  to  differential 
shrinkage. 


capability,  however,  and  with  two  heads  accom- 
modating two  plug  sizes.  This  larger  equipment 
could  repair  practically  all  the  defects  in  grade 
2  Common  lumber,  creating  a  repaired,  clear 
surface  grade.  The  process  is  not  a  feasible 
repair  method  for  grades  3  and  4  Common 
lumber,  however,  since  too  many  of  the  defects 
exceed  the  capabilities  of  even  the  larger 
plugging  equipment. 

Costs  of  repairing  lumber  by  plugging  are 
high  because  of  the  relatively  small  amount  of 
material  that  can  be  processed  in  a  given  period 
of  time.  One  man  operating  one  plugging  unit 
can  repair  approximately  2,000  lineal  feet  (equiv- 
alent to  1,333  square  feet)  of  1-  by  8-inch  stock 
per  8-hour  shift.  Estimated  costs  of  repairing 
such  grade  2  Common  lumber  are  itemized  in 
table  7. 


Cost  item 

Repair 

costs 

Single 
shift 

Double 
shift 

Wood  plug  strips 

Adhesive 

Labor-- 

semi ski  lied  (1   man) 

Equipment  depreciation 

Power,   facilities, 
miscellaneous  equip- 
ment, etc. 

Refinish  (planer) 

$  9..  00 
1.00 

18.00 
14.52 

1.00 
4.50 

$  9.00 
1.00 

18.00 
7.26 

1.00 
4.50 

Subtotal 

Adjustment  for  material 
loss,   contingency,   etc. 
(costs  times  0.11) 

Total 

48.02 

5.28 

$53.30 

40.76 

4.48 
$45.24 

1Pi 1 ot  plant  tests  limited  to  1-  by  8- 
inch  stock  in  which  all  defects  could  be 
repaired  with  1-9/16-inch  plugs.  Operating 
assumptions  and  labor,  equipment,  and  facil- 
ity costs  based  on  schedules  included  in  the 
appendix. 


Chemical  Repair 

Synthetic  repair  materials  have  been  used 
to  some  extent  to  fill  open  defects  in  other 
wood  products  (plywood  and  so  forth),  and 
can  be  used  in  lumber.  A  primary  requirement 
difference  between  synthetic  repair  materials 
for  plywood  and  lumber  is  the  need  for  lumber 
patching  materials  to  "move"  freely  with  dimen- 
sional changes  in  the  board.  Patching  materials 
for  overlay  substrates  must  also  provide  a  good 
surface  for  adhesion  and  create  minimal  show- 
through.  They  must  also  saw,  machine,  and 
nail  in  approximately  the  same  manner  as  wood. 

Early  work  with  chemical  repair  techniques 
established  that  some  routing  or  machining  was 
necessary  to  "clean  up"  knotholes  and  other 
defects,  and  provide  a  firm  surface  for  patch 
adhesion.  Chemical  patching  (fig.  13)  conse- 
quently involves  a  series  of  steps  as  follows: 

1.  Locating  and  identifying  a  patchable  defect. 

2.  Routing  or  machining  out  the  defect,  leaving 
clean,  solid  wood  at  the  perimeter. 

3.  Metering  catalyzed  repair  chemical  into  the 
void. 
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Figure  13. — A  sequence  of  photos  illustrates 
steps  in  the  foam  repair  process:  defects 
have  been  routed  for  repair,  A_;  routed  areas 
have  been  filled  and  allowed  to  set  under 
pressure,  B;  repaired  boards  after  a  cleanup 
pass   through   the  abrasive  planer,   C. 


Applying  a  restraint  against  which  the  foam 
can    expand,    as    a   means    of   controlling 


density.  (Most  urethane  foam  systems  have 
a  free-rise  foam  density  on  the  order  of  2  to 
10    pounds    per    cubic  foot;   consequently, 
restraint  must  be  applied  to  achieve  desir- 
able patch  densities  of  18  to  20  pounds  per 
cubic  foot.) 
5.     Planing  or  sanding  the   repaired   board  to 
remove  excess   patch  material  and  provide 
a  smooth,  uniform  surface. 
The  urethane  foams  best  satisfy  all  of  the 
criteria  for  a  chemical  lumber  repair  material. 
They  can  be  formulated  to  set  in  a  matter  of 
seconds,  a   necessity  for  production   line  pro- 
cessing. 

A  total  of  18  urethane  and  similar  resin 
systems  were  initially  evaluated  by  the  Forest 
Products  Laboratory.  Of  four  recommended  for 
further  evaluation  in  the  pilot  plant,  two  per- 
formed satisfactorily  in  the  pilot  trials. 

Two  significant  variables  in  chemical  repair 
were  "packing"  or  patch  density,  and  hole-edge 
geometry.  Patch  density  can  be  varied  by  formu- 
lation, and  by  amount  of  resin  loaded  under 
restraint.  Hole-edge  geometry  can  be  varied 
from  a  straight,  vertical  cut  to  a  variety  of 
tapered  and  shouldered  cuts  (fig.  14). 


Figure  14. — Two  variations  of  hole-edge  geome- 
try —  1/8-  and  1/4-inch  shoulders  —  were 
used  in  preparing  defects  for  foam  patch 
application.  Test  data  indicated  a  slight 
advantage  with  the  wider  shoulder. 


Extensive  tests  were  conducted  to  evaluate 
two  foam  densities  (18  to  20  and  28  to  30 
pounds  per  cubic  foot)  and  three  hole-edge 
patterns  (straight,  1/8-inch  shoulder,  and  1/4- 
inch  shoulder).  Evaluations  indicated  that  both 
densities  of  foam  performed  very  satisfactorily, 
with  the  lighter  foam  showing  slight  advantage. 
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Shouldered  patches  also  performed  better  than 
straight  patches,  with  test  evidence  slightly 
favoring  the  wider  1/4-inch  shoulder.  All  final 
patching  tests  were  made  with  the  lighter  foam 
density  and  both  1/4-  and  1/8-inch  shoulders. 
Very  few  patches  failed  and  all  failures  were 
minute  (fig.  15). 

Commercial  use  of  chemical  patching 
methods  would  require  a  high  degree  of  auto- 
mation in  locating,  machining,  and  repairing 
defects.  While  the  primary  objective  of  the 
repair  phase  of  the  study  was  to  establish  a 
technically  feasible  method,  methods  of  auto- 
matically locating  and  routing  defects  were  also 
investigated.  Scanners  now  in  use  for  automatic 
veneer  clipping  were  found  to  be  generally  sat- 
isfactory for  lumber  defect  scanning,  although 
the  recognition  pattern  against  which  scanner 
information  is  checked  would  have  to  be  modi- 
fied to  meet  lumber  repair  requirements.  Equip- 
ment suppliers  have  indicated  that,  with  their 
present  experience  in  plywood  veneer  scanning, 
automatic  lumber  scanning  systems  could 
easily  be  developed  to  control  routing  equipment 
as  desired. 


Figure  15. — The  relatively  obscure  edge  fail- 
ure (arrow)  which  rejected  this  sample  illus- 
trates the  rigid  test  requirements  followed 
in  evaluating  potential   repair  materials. 


An  improvised  optical  scanning  and  routing 
system  was  devised  with  a  single  photocell  and 
router  (fig.  16).  The  router,  a  2-3/4  horsepower, 
23,000  r.p.m.  unit,  was  mounted  downstream 
from  the  scanner  on  a  pneumatically  actuated 
swinging  arm.  Signals  generated  by  the  scanning 
photocell  activated  the  router  to  rout  out  de- 
fects. The  rudimentary  system  operated  success- 
fully at  feed  rates  of  90  to  100  feet  per  minute, 
routing   up    to  0.3  inch  deep  and   1%   inches 


wide.  A  commercial  operation  would  probably 
employ  a  bank  of  photocells,  each  scanning  a 
proportion  of  the  width  of  the  board,  and  each 
controlling  a  downstream  router.  In  this 
manner,  defects  located  anywhere  on  the  board 
and  defects  wider  than  a  single  router  bit  could 
be  spotted  and  machined. 


Figure  16. — A  scanning  photocell  and  router 
unit  were  used  to  locate  and  rout  defects  in 
the  chemical  repair  study.  The  photocell, 
mounted  ahead  of  the  plywood  baffle,  acti- 
vates an  air  cylinder  which  in  turn  raises 
and  lowers   the  router  at   the  proper   time. 

Most  foam  systems  are  fast-reacting  two- 
component  systems,  in  which  the  components 
must  be  precisely  measured  and  mixed  imme- 
diately before  application.  Foam  patching  con- 
sequently requires  special  equipment  to  meter 
the  components,  mix  them,  and  dispense  the 
catalyzed  material.  Pilot  plant  foam  patches  were 
made  with  a  commercial  urethane  foam 
dispenser  (fig.  17).  The  dispenser  automatically 
meters  and  mixes  the  components,  and  provides 
for  either  manual  or  automatic  dispensing  of 
calibrated  quantities  or  "shots"  of  the  patching 
material.  This  type  of  air-operated  high-speed 
mixer  tends  to  introduce  some  air  into  the 
foam,  however,  causing  nonuniform  cell  struc- 
ture in  the  patches.  Other  commercially  available 
mixing  units  may  be  more  desirable  for  produc- 
tion use. 

Chemical  foam  repair  methods  have  the  ad- 
vantages of  accommodating  a  wider  range  of 
size  and  type  of  defect  than  other  methods, 
while  providing  a  tight  patch.  Edge  failure  of 
the  patches  (fig.  15)  is  unusual,  and  generally 
indicates  improper  formulation,  poor  machining, 
or  errors  in  patching  technique.  Durability  and 
adhesion  typically  are  excellent. 
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Figure  17. — Foam  dispenser ,  A,  and  mixing  and 
discharge  assembly,  B.  The  system  automatic- 
ally meters  and  mixes  the  components,  and 
dispenses  calibrated  quantities  of  patching 
material. 


Disadvantages  of  the  method  are  that  it 
requires  a  higher  degree  of  quality  control  and 
technological  sophistication  than  other  methods, 
and  requires  considerably  more  specialized 
equipment.  Because  the  foam  patch  material 
presently  available  is  less  hygroscopic  than  the 
surrounding  wood,  roll  laminating  overlays 
over  the  patches  requires  some  adhesive  and 
equipment  modifications.  Foam  patches  also 
tend  to  show  through  overlays  because  of 
differences  between  patch  and  wood  texture. 
Showthrough  resulting  from  foam  patches,  as 
well  as  knots  and  wood  patches,  can  be  mini- 
mized by  abrasive  planing,  however. 


The  chemical  repair  work  was  carried  out 
to  evaluate  the  technical  rather  than  economic 
feasibility  of  promising  repair  materials  and 
methods.  Costs  that  would  be  incurred  in  a 
commercial  chemical  repair  operation  can  be 
estimated,  however,  by  assuming  use  of  an 
automated  defect-locating  and  repair  system 
based  on  equipment  currently  available  com- 
mercially. Under  such  an  assumption,  estimated 
costs  of  chemically  repairing  grades  3  and  4 
Common  lumber  are  shown  in  table  8.  Assumed 
production  and  cost  schedules  are  included  in 
the  appendix. 


Selective  Cut-up 

Low-grade  lumber  can  also  be  repaired  by 
ripping  and  crosscutting  to  remove  unacceptable 
defects.  Semiautomatic  cut-up  and  end-  and 
edge-gluing  technology  has  been  used  for  years 
in  cut  stock  and  lumber  panel  operations. 
Cuttings  can  thus  be  reassembled  to  produce 
an  overlayable  board  or  panel  of  practically  any 
desired  dimension.  Overlaid  panel  products 
wider  than  conventional  boards  would  have 
distinct  marketing  advantages.  The  width  of 
overlay  stock  made  up  from  cuttings  would  be 
limited  only  by  the  capacity  of  the  roll  lamina- 
tor  itself. 

The  feasibility  of  a  low-grade  lumber  cut-up 
operation  depends  heavily  upon  the  quantity 
and  size  of  overlayable  cuttings  that  are  re- 
coverable. To  evaluate  effects  of  board  grade 
and  width  upon  recovery,  a  method  of  reitera- 
tive simulated  cut-up  was  developed.  A  sample 
of  600  boards  was  selected,  representing  widths 
of  4,  8,  and  12  inches  in  grades  3  and  4 
Common.  The  boards  were  examined,  nonover- 
layable  defects  located  and  outlined,  and  the 
boards  photographed.  Photos  of  the  boards 
were  projected  at  half-scale,  and  X  and  Y  co- 
ordinates of  all  nonoverlayable  defects 
measured  and  recorded  in  Vi-inch  units.  Board 
identification  and  defect  coordinate  data  were 
transferred  to  punch  cards  for  computer 
analysis. 

A  computer  program3  was  written  to  cal- 
culate cutting  recovery  from  individual  sample 
boards,  within  constraints  on  cutting  width 
combinations  and  cutting  length.  The  program 
includes  two  basic  routines,  one  to  determine 
all  possible  permutations  and  combinations  of 
specified   sizes   of  cuttings   for  a  board,  and  a 

■^Erickson.  Bernard  J.,  and  Donald  C.  Markstrom. 
Predicting  softwood  cutting  yield  with  the  computer. 
(Manuscript  being  prepared  at  Rocky  Mountain  Forest 
and  Range  Experiment  Station.) 
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Table  8. --Estimated  costs,1   per  M  square  feet,  of  chemically  patching  repairable  grades  3  and  4 

Common  boards,  in  8-  and  12-inch  widths 


Cost  item 


1-  by  8-inch  product 


1-  by  12-inch  product 


Grade  3 


Grade  4 


Grade  3 


Grade  4 


Urethane  foam 


$14.50 


$29.00 


$11.60 


$21.50 


Labor: 

Supervisor  (shared) 
Skilled  (1  man) 
Unskilled  (3  men) 

Equipment  depreciation: 
Single  shift 
Double  shift 

Electrical  power 

Building  and  facilities: 
Single  shift 
Dougle  shift 

Taxes,  insurance,  maintenance: 
Single  shift 
Double  shift 


.70 
.91 

1.65 


3.78 
1.89 

.27 


.68 
.34 


.96 
.48 


.70 

.91 

1.65 


3.78 
1.89 

.27 


68 

34 


.96 
.48 


.70 

.91 

1.65 


3.78 
1.89 

.27 


68 
.34 


.96 
.48 


.70 

.91 

1.65 


3.78 
1.89 

.27 


.68 
,34 


.96 
.48 


Miscellaneous  supplies,  equipment: 

Subtotal 

Single  shift 
Double  shift 

Adjustment  for  material  loss,  contingency, 
etc.  (costs  times  0.11) 
Single  shift 
Double  shift 

Total 
Single  shift 
Double  shift 


1.00 

1.00 

1.00 

1.00 

24.45 
21.74 

38.95 

36.24 

21.55 
18.84 

31.45 
28.74 

2.69 
2.39 


27.14 
24.13 


4.28 
3.99 


43.23 
40.23 


2.37 
2.07 


23.92 
20.91 


3.46 
3.16 


34.91 
31.90 


'Operating  assumptions  and  labor,  equipment, 
included  in  the  appendix. 


facility,  and  power  costs  based  on  schedules 


second  to  locate  the  cuttings  on  the  individual 
board  to  maximize  recovery  (fig.  18).  Program 
output  indicates  total  loss  area  (including 
defects,  saw  kerfs,  and  edge  trim)  and  total 
recovered  area. 

Table  9  describes  maximum  overlayable 
cutting  recovery,  and  distribution  by  cutting 
widths,  for  lumber  of  grades  3  and  4  Common. 
As  expected,  the  quantity  of  overlayable 
cuttings  recoverable  increases  as  the  minimum 
allowable  length  of  cutting  is  reduced,  and  as 
lumber  grade  increases.  The  lower  recovery  from 
nonrepayable  boards  (that  is,  those  which  were 
obviously  too  defective  for  conventional  repair) 


is  also  to  be  expected.  The  lower  recovery  from 
the  8-inch  boards  resulted  from  an  original 
program  constraint  that  the  number  of  saw  kerfs 
on  the  board  must  equal  the  number  of  cutting 
widths.  A  subsample  of  8-inch  boards  yielded 
approximately  8  percent  more  total  recovery 
when  the  constraint  was  changed  so  that  the 
number  of  saw  kerfs  on  the  board  could  be  one 
less  than  the  number  of  cuttings.  The  additional 
8  percent  recovery  for  the  8-inch  boards  makes 
the  total  recovery  very  comparable  with  the  4- 
and  12-inch  boards. 

A  lumber  defect  scanning  system  such  as 
that   used    in  chemical  repair  trials  could  be 
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Board  Grade: 

Width: 

Length : 

Coordinates : 

Cutting  Widths: 
Length: 


4C 

11-1/2  inches  (46  units) 
14  feet  (672  units) 
(0,0)  (46,672) 

1,  2,  and  3  inches 
9  inches  + 


Defect  Coordinates: 


1,  3,  and  3  inches 
14,  19,  32,  45,  and  46 


Optimum  Cutting  Widths  and  Sequence:  3, 
Saw  Kerf  Coordinates:  1 , 

Area  Recovered:  19 ,404  sq .  units 
Area  of  Board:  30,912  sq.  units 
Percent  Recovery:  62,77  percent 


1.  (0,127)  (46,222) 

2.  (29,259)  (38,265) 

3.  (0,262)  (19,370) 

4.  (33,386)  (41,396) 

5.  (35,463)  (46,475) 

6.  (0,519)  (46,556) 

7.  (27,620)  (31,625) 


Figure  18. — Diagrammatic  sketch  of  a  grade  4  Common  1-  by  12-inch  board,  with  associated  program 
output  data,  illustrates  the  program  developed  for  selective  cut-up  evaluation.  Shaded  areas 
represent  defects  that  have  been  located  by  X-Y  coordinates  and  blocked  out.  Lined  areas  rep- 
resent additional  material   lost  in  cutting  out  defects. 


combined  with  the  optimizing  computer  program 
and  an  automatic-set  ripsaw  to  automate  the 
entire  cut-up  process.  A  fully  automated  cut-up 
system  could  substantially  improve  cutting 
quality  and  yield  over  that  achieved  by  present 
methods,  as  well  as  increase  potential  produc- 
tion rates. 

The  optimizing  cut-up  program  has  con- 
siderable potential  for  application  beyond  the 
needs  of  the  immediate  study.  The  same  basic 
techniques  of  automated  defect  scanning  and 
computer  evaluation  of  cutting  alternatives  can 
be  extended  to  many  other  milling  or  cutting 
operations  such  as  edging,  trimming,  molding, 
and  cut  stock  production. 


Overlaying  On  Repaired  Lumber  Substrates 

Overlays  may  be  applied  to  lumber  repaired 
with  wood  plugs  without  any  modification  of 
materials  or  technique.  Wood  patches  or  plugs 
tend  to  show  through  5-mil  overlays,  however, 


and  the  overlay  may  develop  hairline  failures 
around  the  edges  of  the  plug.  Bothshowthrough 
and  overlay  failure  are  minimized  by  matching 
texture  and  grain  direction  of  board  and  plug. 
Overlays  applied  to  chemically  repaired 
lumber  with  standard  water-base  adhesives  may 
develop  blisters  over  the  patches,  because  ex- 
cess moisture  in  the  adhesive  is  not  absorbed 
by  the  nonhygroscopic  patch  surface  as  it  is  by 
the  wood.  Use  of  a  nonwater-base  adhesive 
appears  to  be  an  easy  solution,  but  it  would 
require  some  modification  of  the  laminator, 
depending  on  the  specific  type  of  adhesive 
selected.  Another  possible  solution  is  to  expand 
the  overlay  prior  to  application,  by  dampening 
or  humidifying.  The  overlay  would  then  be 
laminated  in  a  fully  expanded  condition,  how- 
ever, and  might  fail  in  tension  during  any 
subsequent  expansion  of  the  substrate.  A  third 
solution  would  be  to  develop  a  more 
hygroscopic  repair  material,  either  by  modifying 
the  structure  of  the  material  or  by  adding 
hygroscopic  fillers. 
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Table  9. --Maximum  recovery  of  overlavable  cuttings  from  mill-run  and  nonrepairable  grades  3  and  4 

Common   lumber1 


Lumber 
width 
and 
grade 

C 

utting  constraints  by  minimum 

lengths 

and  widths  recovered 

9- 

inch 

length 

18- 

inch 

length 

36- 

inch 

length 

Inches  wide 
1        2       3 

Total2 

Basis : 
boards 

Inc 

1 

hes 

2 

wide 
3 

Total2 

Basis: 

boards 

Inc 

1 

hes 
2 

wide 
3 

Total2 

Basis: 
boards 

-   - 

-  Percent  -  -  - 

No. 

-  - 

-   F 

ercen 

t 

No. 

-  - 

-  Percer 

t 

No. 

MILL-RUN 

4  inches: 

Grade  3 
Grade  4 

24 
21 

50 
43 

1 
1 

75±0.7 
65+1.6 

100 
100 

22 
18 

46 
38 

2 
1 

70±0.9 
57+1.7 

100 
100 

17 
14 

38 
26 

1 
1 

56±1.4 
41±2.0 

100 
100 

8  inches: 3 

Grade  3 
Grade  4 

31 

25 

28 
22 

8 
9 

67±0.7 
56±1.8 

100 
100 

27 

22 

26 
21 

10 
6 

62±1.1 
49±1.8 

100 
100 

22 

14 

18 
15 

8 
5 

48±1.7 
34±1.7 

100 
100 

12   inches: 

Grade  3 
Grade  4 

3 
2 

20 
18 

53 

44 

76±0.8 
64±2.1 

100 
100 

2 

2 

18 

17 

50 
39 

70+1.1 

58±2.0 

100 
100 

2 
2 

16 
12 

41 
31 

59±1.4 
45±2.0 

100 
100 

NONREPAIRABLE 

4  inches: 

Grade  3 
Grade  4 

22 
20 

49 
40 

0 
2 

71+2.0 

62±1.8 

16 
54 

19 

16 

44 
35 

0 
2 

63±2.9 
53±1.9 

16 
54 

14 
12 

35 
21 

0 
2 

49±3.6 
35±2.2 

16 
54 

8  inches: 3 

Grade  3 
Grade  4 

24 
18 

27 
18 

5 
8 

56±3.2 
44±4.1 

17 

27 

22 
16 

18 
17 

9 
5 

49±3.6 
38±3.8 

17 
27 

14 
11 

13 
13 

7 
4 

34±4.3 
28±3.6 

17 
27 

12  inches: 

Grade  3 
Grade  4 

2 

1 

15 
18 

46 
40 

63±4.9 
59±3.1 

7 

30 

4 

2 

7 
16 

45 
35 

56±3.9 
53±2.7 

7 
30 

2 
2 

11 
11 

32 
25 

45±5.6 
38±2.7 

7 
30 

Selected  combinations  analyzed  were  limited  to  combinations  of  1-,   2-,  and  3-inch  cuttings, 
with  the  wider  cuttings  favored  to   the  extent  possible. 
2Totals  shown  are  class  means  +  one  standard  error. 
3Recovery  was  about  8  percent  higher  with  different  program  restraints;   see  text. 


Performance  Tests  of  Overlaid  Lumber  Products 

Performance  and  durability  of  overlaid  pro- 
ducts manufactured  by  the  roll  lamination 
process  are  now  being  evaluated  in  exposure 
tests.  The  products  being  tested  represent  a 
range  of  Common  lumber  grade  substrates, 
both  repaired  and  unrepaired,  and  both  pre- 
finished  and  conventionally  painted.  Painted 
samples  were  finished  with  a  titanium  lead 
primer  followed  by  two  top  coats  of  either 
acrylic  latex   or  oil-base   exterior  white  paint. 

Product  performance  is  being  evaluated 
under  a   wide   range   of  use  conditions.  Unde- 


sirable product  performance  may  be  character- 
ized by  actual  delamination  and  physical 
degradation,  or  by  objectionable  visual  features. 
Exposed  products  will  be  periodically  examined 
to  evaluate  condition  and  performance  of  sub- 
strate (including  repairs),  overlay,  adhesive 
bond,  and  finish.  Figures  19  and  20  illustrate 
test  installations  established  to  observe  the 
performance  of  overlaid  siding  under  a  variety 
of  use  conditions.  Overlaid  product  samples  are 
also  exposed  on  test  fences  near  Albuquerque, 
New  Mexico,  and  Flagstaff,  Arizona.  Perform- 
ance of  test  materials  has  been  favorable  to 
date. 
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Figure  19. — Test  installations  of  overlaid  lum- 
ber siding  produced  in  the  study  include  a 
storage  structure  in  Fort  Collins,  Colorado, 
A_,  and  a  gaging  station  on  an  experimental 
watershed  near  Flagstaff,  Arizona,  B.  Test 
material,  5-mil  vulcanized  fiber  on  over- 
layable  grades  3  and  4  Common  ponderosa  pine 
lumber,   was  installed  in  1968. 


CONCLUSIONS 

Technical  Feasibility  and  Cost 

1.  The  roll-laminating  fiber  overlay  process 
is  a  technically  feasible  method  of  upgrading 
lumber  that  meets  substrate  requirements. 

2.  The  low  recovery  of  overlayable  lumber 
from  mill-run  Common  grades  dictates  that 
lumber  defects  must  be  repaired  in  the  upgrading 
process  to  avoid  excessive  substrate  costs. 

3.  Chemical  repair  methods  are  technically 
feasible  and  offer  the  greatest  potential. 


Figure  20. — Other  test  installations  of  over- 
laid siding  involved  additional  species  and 
siding  patterns:  southern  pine  drop  siding 
installed  near  Diboll,  Texas,  in  1964,  A_,  and 
grade  2  Common  western  white  pine  bevel 
siding  installed  at  Wilmington,  Delaware,  in 
1968,  B  and  C.  Five-mil  vulcanized  fiber  was 
used  as   the  overlay  on  all    test  structures. 


4.  The  wood  plug  repair  method  is  also 
technically  feasible,  but  is  restricted  in  type  and 
size  of  defect  that  can  be  repaired. 

5.  Abrasive  planing  successfully  repairs  or 
eliminates  surface  defects  such  as  torn,  pulled, 
or  rough  grain,  minor  skip,  etc.  It  also  im- 
proves the  general  surface  characteristics  of  the 
lumber  for  subsequent  overlaying. 

6.  Projected  total  costs  of  manufacturing 
overlaid  lumber  products,  from  either  selected 
or  chemically  repaired  substrate  lumber,  range 
from  $107  to  $161  per  thousand  square  feet 
(table  10). 

7.  Commercial  feasibility  is  currently 
restricted  by  the  need  for  a  better  automated 
defect  scanning  and  repair  process.  Adhesive 
systems  better  suited  for  overlaying  on  chemical 
foam  patches  are  also  needed. 
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Table  10. --Summary  of  projected  production  costs 
per  M  square  feet  for  overlaid  lumber 
products  from  selected  or  repaired 
substrates1 


Cost  item 


1-  by  8-inch 
product 


1-  by  12-inch 
product 


Substrate                $60.00-112.00 

$67.00-114.00 

Overlay                                    29.59 

27.65 

Adhesive                                    9.54 

7.29 

Labor                                         6.18 

3.66 

Power                                            .41 

.27 

Indirect  costs               1.70-3.40 

1.13-2.26 

(Facilities , 

equipment,  etc. ) 

Total   product 

cost  range           107.00-161.00 

107.00-155.00 

'Tables  3,4,  and  5  give 

detailed  produc- 

tion  costs  by  lumber  substrate 

grade  and  use 

alternative. 

Marketing  Outlook 

1.  The  basic  concept  of  overlaid  lumber 
products  is  generally  acceptable  to  many  poten- 
tial users  if  the  product  affords  distinct  perform- 
ance and/or  price  advantages. 

2.  Stronger  market  receptivity  will  depend 
upon  future  market  development  activities  and 
improved  manufacturing  methods  to  reduce 
costs.  Presently,  the  best  prospects  are  for 
individual  firms  to  develop  smaller  volume 
markets  for  specialty  products. 

3.  Costs  of  production  using  repaired  sub- 
strates, a  necessity  under  most  operating 
circumstances,  restrict  marketing  possibilities 
to  the  higher  value  end  products.  Costs  ol 
overlaid  products  and  currently  used  competi- 
tive products  are  compared  in  table  11. 


Table  11 . --Estimated  production  costs  per  M  square  feet  of  selected  overlaid  lumber  products  and 

f.o.b.   mill    prices  of  competitive  wood  products 


Basic  product 

Overlaid  product 

Competitive  commercial   products 

Description 

Cost1 

Description 

Mill 
price' 

Bevel    siding,   10-inch 

5-mi 1    vulcanized  fiber 

$150 

(1)   Redwood, V.G.  ,3/4-  by  10-inch 

$2i: 

on   repaired  qrade  3 

(2)   Cedar, Clear, 3/4-  by  10-inch 

22C 

Common,    1-  by  10-inch3 

(3)    Hardboard  lap,  primed 

17( 

Board  or  standard 

5-mi 1    vulcanized  fiber 

151 

Redwood, V.G.  ,   1-  by  12-inch 

32' 

pattern  siding, 

on   repaired  grade   3 

12-inch 

Common,    1-  by   12-inch 

Fascia,  6-inch 

5-mi 1   vulcanized  fiber 

166 

(1)   Redwood, Clear,   1-  by  6-inch 

27( 

on   grade  2  Common , 

(2)   Pine,D  Select,   1-  by  6-inch 

20' 

1-  by  6-inch 

Stadi  urn  seating: 

10-mil   vulcanized  fiber 

Redwood  Ht.  ,V.G.: 

on  8/4  D  Select: 

6-inch 

2-  by  6-inch 

307 

2-  by  6- inch 

36! 

12-inch 

2-  by   12-inch 

292 

2-  by  12-inch 

39!  j 

Industrial   shelving 

5-mi 1   vulcanized  fiber  or 

153 

(1)   Parti cleboard,   3/4-inch 

91' 1 

equivalent  on   reDaired 

(2)   Plywood,  A-C,   3/4-inch 

181 

grades   3  and  4  Common, 

1-  by  12-inch 

J 

'Total   estimated  production  cost,  not  including  allowances  for  profit  and  risk. 
2Industry  average  f.o.b.   mill   prices,   1971    (presumed  to   include  allowances  for  profit  an 
30verlaid  bevel    siding  can  also  be  produced  by  overlaying  both  sides  of  repaired  5/4  lum 
resawing,   at  a  total   estimated  cost  of  $143/M  square  feet. 


d  ris  v 

ber  ai 
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RECOMMENDATIONS 

The  study  and  conclusions  reported  here 
satisfy,  and  in  some  instances  extend  beyond, 
the  objectives  initially  proposed  for  the  pilot- 
plant  investigation.  The  pilot  operation  has 
established  the  basic  technical  feasibility  of  the 
processes,  but  at  the  same  time  has  indicated 
need  for  further  development  in  several  areas. 
Since  overlaying  and  lumber  repair,  both 
separately  and  together,  offer  wide  potential 
application,  further  development  work  is  war- 
ranted. Recommendations  include: 

1.  Develop  an  effective  automated  defect 
detection  system  to  scan  and  control  chemical 
repair  of  defective  lumber. 

2.  Identify  and  test  adhesive  systems  most 
suitable  for  overlaying  chemical  foam  patches. 

3.  Evaluate  the  feasibility  of  using  a  foam 
adhesive  to  simultaneously  make  minor  repairs 
and  bond  the  overlay  to  the  substrate. 

4.  Conduct  further  basic  investigations  of 
repair  and  overlay  techniques  in  a  facility  where 
close  control  can  be  exercised  over  all  aspects 
of  substrate  conditioning,  in-plant  operating 
conditions,  and  product  testing. 

5.  Guide  further  work  in  repair  and  over- 
laying by  the  results  of  long-term  tests  of 
overlaid  material  now  installed  on  test  buildings 
and  fences. 

6.  Evaluate  in  detail  potential  markets  for 
specialty  products  for  which  repaired  and/or 
overlaid  lumber  has  unique  advantages. 
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APPENDICES 

I.     CALCULATED  LUMBER  SUBSTRATE  COSTS 

ASSUMPTIONS: 

1.  Lumber  is  available  to  the  overlay 
operation  at  prevailing  f.o.b.  mill 
prices. 

2.  Lumber  culled  from  each  grade  is  resal- 
able  at  f.o.b.  mill   price  for  next  lower 
grade. 

3.  Under  the  repair  alternative,  lumber 
acceptable  for  repair  is  chemically 
repaired  in  a  single-shift  operation. 


F.o.b.  mill   value,   in  M  square  feet,  and  sub- 
strate recovery,  grades  3  and  4  Common  ponderos 
pine  4/4  lumber 


Lumber 

width 

and 

grade 


Substrate  recovery 


Accept-     Repair-  Nonrepair- 


able 


able 


able 


Percent 


8-inch: 

Grade  3 
Grade  4 

12-inch: 

Grade  3 
Grade  4 


73 
57 


84 
63 


24 


24 


67 

59 


67 
59 


9 
33 


9 

33 


Estimated  cost  of  overlayable  substrate  from  mill -run  grades  3  and  4  lumber, 

by  8-  and  12-inch  widths 


Cost  item 


1-  by  8-inch  product 


1  -  by  12- inch  product 


Grade  3 


Grade  4 


Grade  3 


Grade  4 


Alternative  2   (without  repair): 

Initial   cost,  M  b.m. 

Less  resale  value1 

Net  cost  of  overlayable  lumber 

Cost  per  board  foot   (or  square  foot) 

Cost  per  M  square  feet 

Alternative  3  (with  chemical   repair): 

Initial   cost,  M  b.m. 
Plus  cost  of  repair2 

Subtotal 
Less  resale  value3 
Net  cost  of  overlayable  lumber 
Cost  per  board  foot   (or  square  foot) 

Cost  per  M  square  feet 


73.00 
43.32 


57 
31, 


00 
79 


84.00 
47.88 


$  63.00 
31.79 


29.68 
0.1237 

25.21 
0.3151 

36.12 
0.1505 

31.21 
0.3901 

123.70 

315.10 

150.50 

390.10 

73.00 
18.09 

57.00 
25.37 

84.00 
16.08 

63.00 
20.65 

91.09 

5.13 

82.37 
11.40 

100.08 
5.67 

83.65 

11  .40 

85.96 
0.0945 

70.97 
0.1059 

94.41 
0.1037 

72.25 
0.1078 

94.50 


105.90 


103.70 


107.80 


Resale  of  76  percent  of  3C  boards  at  4C  prices;  92  percent  of  4C  boards  at  5C  prices 

2Repair  of  67  percent  of  3C  boards;  59  percent  of  4C  boards. 

3Resale  of  9  percent  of  3C  boards  at  4C  prices;   33  percent  of  4C  boards  at  5C  prices. 
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II.  OVERLAY  PLANT  OPERATING  CONDITION  ASSUMPTIONS 


Production  costs  depend  in  part  on  the  pro- 
duction situation  and  the  specific  product.  In 
calculating  average  production  costs  from  pilot 
plant  data,  assumed  operating  conditions  and 
product  specifications  must  consequently  be 
identified  and  described. 

ASSUMPTIONS 

1.  Operating  schedules. 

A.  One  shift  per  day  (400  operating  min- 
utes), 5  days  per  week,  250  days  per 
year. 

B.  Two  shifts  per  day  (800  operating  min- 
utes), 5  days  per  week,  250  days  per 
year. 

2.  Production  levels. 


Capability  of 

Single  Double 

shift  shift 

Lumber  overlay: 

Lineal  feet/day 

40  M    80  M 

Lineal  feet/year 

1 OMM    20MM 

Lumber  repair: 

Square  feet/day 

40  M    80  M 

Square  feet/year 

10MM    20MM 

3.     Products   (for  cost  analysis). 

4/4  nominal   1-  by  8-inch  ~|0verlaid  one  face 

and  Land  wrapped 

4/4  nominal   1-  by  12-inchJtwo  edges 

All    products  trimmed  to  nearest  1-foot 
length. 


Overlays. 

5-mil   vulcanized  fiber: 

10-inch  width  for  1-  by  8-inch  product. 
14-inch  width  for  1-  by  12-inch  product. 

Adhesive. 

Cross-linking  polyvinyl   acetate. 

Cost  schedules. 

Equipment  investment  and  depreciation,  labor, 
facility,  and  power  costs  are  calculated  and 
prorated  over  assumed  levels  of  production 
(see  appendixes   III,   IV,  V,  and  VI). 


III.      FACILITY   COST  SCHEDULE 


Type  of 
operation 


Minimal 

space 

requirements 


Monthly 


costs 


Chargeable  costs  for-- 


Single  shift 


Double  shift 


Sq.   ft.  (Per  M  lineal   feet) 

Overlay  4,800  4,800x$0.06  =  $288  $288/840M  =  $0.34  $288/1 ,680M  =  $0.17 

(Per  M  square  feet) 
Repair   (chemical)  9,600  9,600x$0.06  =  $576  $576/840M  =  $0.68  $576/1 ,680M  =  $0.34 

^ased  on  $0.06  square  foot;   includes  utilities  other  than  electrical. 
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IV.   INVESTMENT  AND  DEPRECIATION  SCHEDULE 
Amortization  period  (N)  =  5  years.  Residual  value  (R)  =  0 


Equipment 


Initial 
cost 

I 


Average  fixed  investment 
((I-R)(N+1)/2N)+R 


Annual   depreciation 

charge,   straight  1  i 

(I-R)/N 


OVERLAY  EQUIPMENT: 

Laminator  and  associated  equipment 
Auxiliary  plant  equipment 

Total 

REPAIR  EQUIPMENT: 

Chemical  repair-- 

Loader-unloader 
Scanner 
Router 
Dispenser 
Restraint  unit 
Abrasive  planer 
Transfer  units   (3) 
Auxiliary  equipment 

Total 

Wood  plug  repaii — l 

Double-head  plugger2 


$50,000 
15,000 


$30,000 
9,000 


$10,000 
3,000 


65,000 


39,000 


13,000 


10,000 
18,000 
15,000 
10,000 
40,000 
18,000 
12,000 
37,000 


6,000 
10,800 

9,000 

6,000 
24,000 
10,800 

7,200 
22,200 


2,000 
3,600 
3,000 
2,000 
8,000 
3,600 
2,400 
7,400 


160,000 


96,000 


32,000 


20,000 


12,000 


4,000 


Assumptions  are  that  plugging  operation  can  be 
handling  and  conveying  equipment. 

2Not  suitable  for  repairing  lumber  lower  than  2 
value  to  a  repair-overlay  operation. 


accommodated  by  existing  plant  lumber 


Common  in  quality;   therefore,  of  limited 


CHARGEABLE   INVESTMENT 

AND  DEPRECIATION  COSTS 

Annual   costs 

Operation  costs  for-- 

iypu  ut 

Interest1 

operation       Depreci- 
ation 

Total                     Single  shift                                      Double  shift 

(Per  M  lineal   feet) 

Overlay             $13,000 

$2,340 

$15,340         $15, 340/1 0,000M  =  $1.53                 $1 5, 340/20, 000M  = 

$0.'J 

Repair: 

(Per  M  square  feet) 

Chemical         32,000 

5,760 

37,760         $37, 760/10, 000M  =  $3.78                 $37, 760/20, 000M  = 

$i.q 

Wood  plug2       4,000 

720 

4,720               $4,720/325M  =   $14.52                          $4,720/650M  = 

$7.2:! 

^ased  on  average 

fixed  investment  at  6  percent. 

2Based  on  estimated  repair 
325,000  square  feet  per  year  per 

:apacity  of  2,000  lineal    feet  of  1-  by  8-inch  stock  per  shift 
plugging  machine. 

or 
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V.      LABOR  COST  SCHEDULE 


Position 


Hourly 
rate1 


Labor  used  per  operating  shift,   and  cost 


Overlay2 


Repair 


Chem 

ical 

Cost 

No. 

Cost 

$3.50 

i 

2 

$3.50 

4.56 

1 

4.56 

8.25 

3 

8.25 

Wood  plug 


No. 


No 


Supervisor  (lamination  and  repair) 

Skilled  labor  (laminator  operator, 
repair  crew  foreman) 

Semiskilled  labor   (patcher  operator) 

Unskilled  labor   (overlay,   repair  crews) 

Total 


$7.00 

4.56 
3.00 
2.75 


Cost 


$3.00 


16.31 


16.31 


1 


3.00 


includes  20  percent  addition  to  basic  wage  rate,  for  administrative  overhead  costs  and 
fringe-benefit  programs. 

2In  addition,  setup  and  cleanup  will    require  one  crew  member,  working  one  man-hour  overtime 
before  and  after  each  single-  or  double-shift  operating  period. 


VI.      ELECTRICAL   POWER  COST  SCHEDULE 
(Estimated  use  and  cost  same  for  overlay  and  chemical   repair  operations) 


Power  use  and 
costs 


General 


Single  shift 


Double  shift 


POWER  USE: 

Calculated  peak  plant  load 

Assuming  .80  power  factor, 
true  power  use 

Assuming  peak  power  use, 
monthly  use 

•  POWER  COSTS: 

Assuming  laminator  operation 
is  added  to  an  existing 
manufacturing  facility, 
the  cost  of  electrical  power 
would  be  an  'add-on'  cost 
at  lowest  commercial  rate: 

Demand  charge 

Energy  charge 

Total  costs 

Monthly 

Per  M  lineal  feet1 


=  98  M  watts 
=  98  KVA 

=  78.4  KW 


78.4x168  =   13,171    KWH 


78.4x$1.25  =  $98.00 
13,171x$0.01    =  $131.71 

$229.71 
$229.71 /840M  =  $0.27 


78.4x336  =  26,342  KWH 


156.8x$1.25  =  $196.00 
26,342x$0.01    =  $263.42 

$459.42 
$459.42/1 ,680M  =  $0.27 


*Per  M  square  feet  for  chemical    repair  operation. 
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VII.  SUMMARY  --  UNIT  COSTS  APPLICABLE  TO  LUMBER  REPAIR  AND  OVERLAY 


Type  of  operation 

and 

cost  item 


Substrate  item  (4/4) 
Select  Mill -run  Repaired 


Cost  per  unit  for-- 


Cost  per  unit 


Single 
shift 


Double 
shift 


OVERLAY: 

1  -  by  8-inch  product 

Grade  3  Common 
Grade  4  Common 

1  -  by  12-inch  product 

Grade  3  Common 
Grade  4  Common 

Overlay  (5-mil  vulcanized  fiber) 

Adhesive 

Labor,  operating 

Labor,  setup  and  cleanup 

Electrical    power 


Equipment  investment  and  depreciation 

Building  and  facilities 

Taxes,   insurance,  maintenance   (at  6  percent] 

CHEMICAL  REPAIR: 

Urethane  foam 
Labor 

Electrical   power 
Miscellaneous  supplies 


Equipment  investment  and  depreciation 

Building  and  facilities 

Taxes,   insurance,  maintenance   (at  6  percent) 


Dollars/M  square  feet 


$73 

$124 

$  95 

57 

315 

106 

84 

151 

104 

63 

390 

108 

$21.60/M   sq.    ft. 
0.45/pound 
0.272/minute 


(Per  M  square  feet) 

$3.78  $1.89 

.68  .34 

.96  .48 


0.046/minute 
0.27/M  lineal    feet 

(Per  M 

Tinea' 

feet) 

$1.53 
.34 
.39 

$0.77 
.17 
.20 

$0.001/sq.   inch  of  defect 
3.26/M  sq.    ft. 
0.27/M  sq.    ft. 
1 .00/M  sq.    ft. 

Agriculture-CSU,  Ft.  Collins 
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Predicting  Softwood  Cutting  Yield  by  Computer 

Bernard    J.    Erickson    and    Donald    C.    Markstrom 


Program  CUTUP  in  Brief 

Currently,  major  emphasis  in  improving 
wood  conversion  efficiency  is  concentrated  in 
three  areas:  (1)  improving  yields  from  the  re- 
source, (2)  reducing  waste  and  residues,  and 
(3)  reducing  processing  errors  resulting  from 
repetitive  human  decisions.  The  program  de- 
scribed here  can  contribute  to  greater  efficiency 
in  all  of  these  areas.  Automated  defect-sensing 
methods  now  being  developed  offer  the  possi- 
bility of  feeding  continuous  defect  data  to  a 
computer  as  input  to  the  type  of  optimizing 
program  described,  thereby  automating  the 
whole  cut-up  decision  process. 

A  computer  program  CUTUP  to  predict  the 
maximum  yield  of  cuttings  obtainable  from  soft- 
wood lumber  is  described  in  this  paper.  The 
program  calculates  cutting  recovery  (given 
cutting  width  and  length  constraints  and  defect 
location  on  the  board),  and  will  predict  the 
maximum  yield  of  cuttings  of  a  specified  grade, 
for  a  softwood  cut-up  and  edge-  and  end-gluing 
operation. 

The  conventional  practice  in  softwood  cut- 
up  operations  is  to  first  rip  the  board  into 
prescribed  cutting  widths  in  a  manner  to  max- 
imize recovery,  and  then  crosscut  the  full-board- 
length  cuttings  to  remove  defects.  The  CUTUP 
computer  program  simulates  this  practice 
systematically,  (1)  locating  full-board-length 
cuttings  of  specified  widths  and  sequence  to 
maximize  recovery,  (2)  crosscutting  to  remove 
defects,  and  (3)  measuring  the  areas  of  all  cut- 
tings of  a  specified  length  or  longer.  The 
recovered  area  excludes  (1)  the  area  of  defects, 

(2)  areas  between  defects,  or  between  a  defect 
and  the  end  of  the  board,  where  the  recoverable 
length  is  less  than  the  specified  minimum,  and 

(3)  areas  of  all  saw  kerfs.  The  maximum  number 
of  rips  is  also  specified  in  the  program. 

This  program  differs  fundamentally  from 
computer  programs  developed  to  predict  yield 
of  cuttings  from  hardwood  cut-stock  operations, 
where  the  usual  sawing  practice  is  to  alternately 
crosscut  and  rip.2  3  Hardwood  programs  sys- 
tematically scan  the  board  to  locate  and  measure 

n 

Englerth,  G.  H.,  and  D.E.  Dunmire.  Programing  for 
lumber  yield.   For.  Prod.  J.  16(9):  67-69.    1966. 

3  Wodzinski,  Claudia,  and  Eldona  Hahm.  A  computer 
program  to  determine  yields  of  lumber.  U.S.  Dep.  Agric, 
For.  Prod.  Lab.,  33  p.  Madison,  Wis.   1966. 


cuttings  of  prescribed  width  and  length  between 
defect  areas,  with  the  largest  specified  cutting 
considered  first.  The  cuttings  can  then  be  re- 
moved from  the  board  by  starting  with  either  a 
crosscut  or  rip,  and  alternating  back  and  forth, 
taking  as  many  cuts  as  possible  during  each 
operation.  Softwood  and  hardwood  programs 
are  similar,  however,  in  that  the  same  format  is 
used  to  record  board  and  defect  data  on  the  in- 
put cards. 

Characterizing  Boards  and  Defects 

Each  board  is  considered  to  have  X  and  Y 
axes,  with  its  lower  left  corner  at  (0,0),  its 
length  along  the  X  axis,  and  its  width  along 
the  Y  axis.  The  board  size  is  described  and  de- 
fects are  located  by  1/4-inch  coordinates,  which 
designate  the  lower  left  and  upper  right  corners 
of  the  areas  (fig.  1).  All  measurements  are  ex- 
pressed in  1/4-inch  units,  which  can  be  used 
directly  in  calculating  recovery  of  cut-up  stock. 

Data  cards  describing  the  boards  and  defects 
are  punched  in  the  following  manner:  The  first 
card  lists  the  board  grade  code  in  columns  6 
and  7,  the  board  number  in  columns  32  through 
36,  and  total  number  of  defects  in  columns  69 
through  72.  The  second  card  gives  the  coordi- 
nates of  the  board,  and  each  of  the  remaining 
cards  gives  the  coordinates  of  a  single  defect. 
The  lower  left  Y  coordinates  of  the  board  and 
the  defects  are  punched  in  columns  1  through 
3  and  the  X  coordinates  in  columns  5  through 
7.  The  upper  right  Y  coordinates  are  punched 
in  columns  13  through  15  and  the  X  coordinates 
in  columns  17  through  19.  The  sequence  of  the 
defect  cards  in  the  deck  must  be  the  same  as 
that  of  the  defects,  from  left  to  right  across  the 
X  axis  of  the  board. 

The  total  number  of  cards  for  each  board 
equals  the  number  of  defects  plus  two. 

The  program  was  run  with  a  sample  of  600 
boards  selected  from  surfaced  yard  lumber  at 
the  Duke  City  Lumber  Company.  One  hundred 
boards  were  randomly  selected  in  each  of  six 
categories:  grades  3  Common  and  4  Common, 
in  nominal  widths  of  4,  8,  and  12  inches. 

The  boards  were  examined  and  defects  out- 
lined. As  a  convenience,  the  boards  were  then 
photographed  with  color  transparency  film.  The 
slides  were  projected  at  one-half  scale  on  rear- 
projection  translucent  glass  to  facilitate  meas- 
uring board  and  defect  data. 
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Board  grade:  4C 

width:  11*5  inches  (46  units) 

length:  14  feet  (672  units) 

coordinates:  (0,0)  (46,672) 

Cutting  widths:  1,  2,  and  3  inches 
length:  9  inches  + 


Optimum  cutting  widths  and  sequence:  3,  1,  3,  and  3  inches 
Saw  kerf  coordinates:  1,  14,  19,  32,  45,  and  46 

Area  recovered:  19,404  sq.  units 

Area  of  board:  30,912  sq.  units 

Percent  recovery:  62.77  percent 


Defect  coordinates:  1.  (0,127)  (46,22; 
2.  (29,259)  (38, 21 
3. 

4. 
5. 
6. 
7. 


(0,262)  (19,37( 

(33,386)  (41, 3< 

(35,463)  (46,4; 

(0,519)  (46,55* 

(27,620)  (31,6; 


Figure  1. — Diagrammatic  sketch  of  a  grade  4  Common  1-  by  12-inch  board,  with  associated  program 
output  data,  illustrates  the  program  developed  for  selective  cut-up  evaluation.  Shaded  areas 
represent  defects  that  have  been  located  by  X-Y  coordinates  and  blocked  out.  Lined  areas  rep 
resent  additional  material   lost  in  cutting  out  defects. 


Using  the  Program 

Boards  of  different  species,  sizes,  and  grades 
could  be  sampled  and  the  program  used  to  eval- 
uate the  following: 

1.  Area  recovered  using  alternative  rip  combi- 
nations. 

2.  Efficiency  (in  percent  recovery)  obtained 
from  alternative  widths  of  boards,  for  speci- 
fied rip  widths. 

3.  Effects  of  grade  on  rip  recovery,  for  given 
species  and  specified  rip  widths. 

4.  Effects  of  adding  or  deleting  rip  widths  from 
the  array  now  used. 

5.  Alternative  costs  of  input  stock  of  various 
species,  grades,  and  widths,  based  on  pre- 
dicted potential. 

The  program  can  undoubtedly  be  used  to  evalu- 
ate many  other  situations. 

Program  CUTUP 

Program  CUTUP  is  a  set  of  three  main  pro- 
grams —  PERMU,  CONST,  and  RECVRY.  Pro- 
gram PERMU  prepares  a  table  of  all  possible 
cutting  combinations  for  the  N  cutting  widths 
(with  M  saw  blades)  to  be  considered  for  a 
given  board-width  class.  User-selected  cutting 
combinations  are  input  to  program  RECVRY, 
which  fits  the  cuts  to  individual  boards  to  ob- 
tain maximum  recovery  area.  Program  CONST 
has  one  subroutine,  XOUT,  which  outlines  or 


"x's  out"  the  defective  areas  of  a  board  by  i 
lating  defect,  X,  Y  coordinates  to  computer  co 
storage  locations.  The  program  prepares  an  i 
put  file  of  nonrecoverable  board-defect  area; 
by  specified  cutting  widths,  for  use  in  tl 
RECVRY  program.  For  boards  7.5  inches  ai 
wider,  CONST  requires  considerable  comput 
time.  If  narrower  widths  are  to  be  processe 
programs  CONST  and  RECVRY  may  be  ru 
together  as  one  program,  with  the  output  fro 
CONST  used  directly  as  input  to  RECVRY.  Th 
eliminates  the  necessity  of  saving  CONST  ou 
put  (Tape)  for  further  processing  by  progra 
RECVRY. 

The  board-defect  data  cards  which  are  inp 
to  program  CONST  should  be  edited  and  ern 
checked  before  use.  If  a  large  amount  of  data 
to  be  processed,  the  data  should  be  tape  fil< 
for  ease  of  handling.  A  sample  edit  and  card-t 
tape  program  is  included  with  the  program  lis 
ings  in  appendix  2. 

The  basic  content  and  purpose  of  each  pr 
gram  and  subroutine  is  described  inthesectioi 
that  follow.  The  order  and  format  of  input  co 
trol  cards  for  each  program  are  also  specifie 
Variable  names  are  defined  in  the  source  listinj 
for  each  program.  A  sample  output  of  an  appi 
cation  of  program  CUTUP  is  shown  in  appendi 
1,  which  also  further  explains  the  overall  pr 
gram  operation. 

Program  PERMU,  CONST,  and  RECVR 
were  originally  written  in  the  BASIC  progran 
ing  language  for  use  on  a  time-sharing  computt 


system.  The  programs  were  modified,  expanded, 
and  rewritten  in  FORTRAN  extended  for  use  on 
a  Control  Data  Corp.  6400  computer,'  and  have 
been  tested  on  the  CDC  6400  computer  system 
at  the  Colorado  State  University  Computing 
Center. 

Program  PERMU 

This  program  produces  a  table  of  possible 
cutting  combinations  for  a  specified  board  width, 
cutting  or  ripping  widths,  and  cutting  positions 
(kerfs).  The  computational  procedure  is  based 
upon  the  principle  that  if  one  event  A  can  take 
place  in  m  ways,  and  a  second  event  B  can 
take  place  in  n  independent  ways,  then  the 
number  of  ways  in  which  both  events  can  take 
place  is  mn.  This  principle  can  be  extended  to 
any  number  of  independent  events.  The  proce- 
dure was  applied  to  the  problem  of  cutting 
boards  into  different  widths  where  each  saw 
kerf  is  an  event  which  can  happen  in  m  posi- 
tions of  the  saw  blade  over  a  board.  By  expand- 
ing this  technique,  all  combinations  previously 
derived  for  narrower  cutting  widths  and  fewer 
cutting  blades  are  saved  for  possible  application 
in  dealing  with  wider  cutting  widths  and  more 
cutting  blades. 

The  procedure  was  used  to  process  data  in- 
volving three  cutting  widths  of  four,  eight,  and 
twelve  1/4-inch  units  (Q.I.U.),  and  five  kerfs  or 
cutting  positions.  Sample  board  widths  ranged 
from  14  to  46  Q.I.U.  To  accommodate  additional 
cutting  widths  and/or  cutting  positions,  test 
parameters  and  array  dimensions  would  need 
to  be  changed,  as  specified  by  the  analysis 
problem. 


Program  Control  Card  Type 


FORMAT  (315) 


Column 

1-5 

IBWDT 

6-10 

NSIZE 

11-15 

NSWBL 

Overall    board    width     in    1/4-inch 
units  (Q.I.U.) 

Number  of  different  cutting  sizes 
or  rip  widths  to  consider,  MAX  =  5. 
Number    of    machine    saw    blades 
available,  MAX  =  6. 


Program  Control  Card  Type  2.        FORMAT  (515) 


Column 
1-   5 
6-10 


KUT(l)         Size   of   cutting    width    I,    in  Q.I.U. 
KUT(2)  Size  of    cutting   width    2,    in  Q.I.U. 


The  use  of  trade  and  company  names  is  for  the 
benefit  of  the  reader;  such  use  does  not  constitute  an 
official  endorsement  or  approval  of  any  service  or  prod- 
uct by  the  U.  S.  Department  of  Agriculture  to  the 
exclusion  of  others  that  may  be  suitable. 


11-15  KUT(3) 
16-20  KUT(4) 
21-25        KUT(5) 

Program  CONST 


Size  of  cutting  width  3,  in  Q.I.U. 
Size  of  cutting  width  4,  in  Q.I.U. 
Size   of   cutting    width    5,   in  Q.I.U. 


This  program  constructs,  in  computer  core 
storage,  a  board  of  variable  width  and  length 
dimensions,  and  positions  the  location  of  defects 
in  the  board  according  to  their  coordinates. 
Board  and  defect  coordinates  are  expressed  in 
Q.I.U.  to  the  X,  Y  coordinate  system. 

The  amount  of  core  storage  available  in  the 
computer  determines  the  size  of  boards  which 
can  be  analyzed  by  this  program.  The  array 
LWB(I, J),  Length  and  Width  of  Board,  is  dimen- 
sioned according  to  the  length  (J)  and  width 
(I)  of  the  largest  boards  to  be  analyzed  in  Q.I. 
U.  If  the  largest  boards  to  be  processed  are  11.5 
inches  by  16  feet,  the  array  LWB(I,J)  would  be 
dimensioned  I  =46,  J  =  768,  resulting  in  35,328 
computer  core  locations  to  store  all  possible 
locations  of  defects. 

Input  data  are  contained  in  the  set  of  cards 
which  specify  the  board  and  defect  coordinate 
values  for  one  board  (described  in  Character- 
izing Boards  and  Defects).  The  defects  are 
positioned  in  LWB  according  to  increasing  de- 
fect coordinates  in  the  J,  or  length,  dimension 
of  LWB(I,J). 

If  a  large  amount  of  data  is  to  be  processed, 
and  is  arranged  or  sorted  by  some  criteria  such 
as  increasing  board  numbers  within  a  board- 
width  class,  an  option  is  provided  to  analyze  a 
selected  sub-set  from  the  complete  file.  This 
option  is  exercised  by  two  control  parameters 
labeled  NBSTR  and  NBEND,  where  NBSTR  is 
the  number  of  the  first  board  in  the  sub-set 
and  NBEND  is  the  number  of  the  last  board  in 
the  sub-set  to  be  processed. 

A  user  input  parameter  labeled  LBTD  is  a 
test  variable  used  for  setting  a  minimum  accept- 
able length  between  defects.  If  an  area  between 
two  defects  (or  between  a  defect  and  the  end  or 
start  of  a  board)  is  less  than  LBTD  (in  Q.I.U.), 
the  area  is  blocked  out  and  treated  as  a  defect 
area  in  the  final  scan  of  the  board  to  locate  all 
defect  areas. 

For  each  input  board,  program  CONST  op- 
erates in  the  following  manner: 

1.  The  board  ID  or  Header  Card  is  read,  set- 
ting the  variables  NGRD,  (board  grade  class), 
NBRD  (board  number),  and  NDEF  (number 
of  defects  in  board). 

2.  A  board  coordinate  card  is  read  defining  the 
X-dimension  (Width)  as  the  ordinate  and 
the  Y-dimension  (Length)  the  abscissa  of 
the  board  to  be  processed.  This  notation  is 


reversed  from  the  normal  X,  Y  notation  be- 
cause of  computer  core  storage  procedure. 
3.  A  set  of  defect  coordinate  cards  is  read  until 
an  END-OF-BOARD  data  card  is  encountered 
(IDXS=999). 

The  coordinates  for  each  defect  are  posi- 
tioned in  an  array  by  a  pointer  according  to 
their  order  of  occurrence  within  the  board. 
Using  the  minimum  length  between  defects  test 
(LBTD),  the  defect  array  is  scanned  to  find 
areas  between  defects  which  are  less  than 
LBTD.  Defect  location  variables  NX,  LDS,  and 
LDE  are  determined  and  passed  to  subroutine 
XOUT,  along  with  the  board  array  LWB,  by  the 
use  of  a  COMMON  statement.  Subroutine  XOUT 
then  blocks  out  or  "x's-out"  the  defined  area  of 
the  defect  in  the  board.  This  process  continues 
until  all  defect  areas  have  been  positioned  in 
the  LWB  array. 

Indexes  are  now  determined  for  a  scan  of 
the  board  to  accumulate  total  defect  area  for 
NSIZE  desired  cuttings  over  a  range  of  possible 
starting  cut  positions  determined  by  board  width. 
The  total  defect  area  for  the  board  is  written  to 
an  output  file  (Disk  or  Tape)  for  input  to  pro- 
gram RECVRY.  The  next  board  ID  or  Header 
Card  is  read  and  the  process  is  repeated  until 
an  end-of-file  is  encountered  in  the  board  input 
data. 

Program  Control  Card.         FORMAT  (315) 

Column 

I-    5         LBTD  Minimum    length    between    defects 

limitation  (Q.I.U.) 
6-10        NBSTR  Board  number  to  start  analysis 

11-15         NBEND        Board  number  to  end  analysis 
Board  Defect  Data  Card  Deck 

NDEF   +    two   cards    for    each    board   to  be   processed 
plus  an  END-OF-BOARD  Card. 

Program  RECVRY 

This  program  computes  the  nondefective 
areas  in  a  board,  and  simulates  a  number  of 
possible  cuttings,  limited  by  the  width  of  the 
board  and  the  combinations  of  cutting  sizes  de- 
sired, to  determine  the  best  combination  to  use 
for  maximum  recovery. 

Input  for  the  program  is  the  board-defect 
area  file  (Tape  or  Disk)  from  program  CONST, 
and  a  user-selected  set  of  cutting  combinations 
generated  by  program  PERMU  to  be  evaluated. 
The  cutting  combinations  are  input  to  the  pro- 
gram in  a  DATA  statement,  array  KPCT.  The 
coding  order  is  explained  in  the  program  listing. 

The  program  reads  a  title  card  and  an  input 
parameter  control  card.  The  parameter  LPRM 


is  the  lower  limit  of  combined  cuttings  to  t 
evaluated  from  the  combination  sets  in  am 
KPCT.  Only  combined  cuttings  greater  tha 
LPRM  are  used  to  evaluate  the  best  fit,  thi 
eliminating  cutting  combinations  which  do  n 
use  the  entire  width  of  the  board.  The  variab 
NSIZE  and  the  array  KUT  are  set  from  valu 
coded  in  DATA  KSZE. 

The  board  ID  and  board  coordinates  at 
read  from  the  input  file,  along  with  board  d 
feet  areas.  Areas  of  nondefect  are  compute 
from  defect  area  and  area  of  the  board,  an 
saved.  Indexes  are  set  for  selecting  cutting  coi 
binations  from  array  KPCT  to  obtain  maximun 
recovery  for  the  board.  The  number  of  sa 
kerfs  which  can  be  placed  within  the  bounds  < 
the  board  is  determined.  A  saw  kerf  may  t 
adjacent  to  the  lower  or  upper  edges  of 
board,  or  it  may  lie  within  the  board  itsel 
There  is  no  provision  in  this  program  fc 
straightening  the  edges  and  ends  of  the  boar 
to  assure  a  straight  board.  A  warped  board  mi 
be  utilized,  however,  by  crosscutting  into  short 
lengths  or  ripping  into  narrow  widths,  b 
assigning  appropriate  defect  coordinates.  Thi 
sum  of  the  cutting  widths  and  saw  kerfs  cannc 
exceed  the  board  width  plus  one  unit. 

A  total  recovery  area  is  computed  from  th 
nondefective  area  data  for  a  selected  combin 
tion  of  cuttings.  This  value  is  stored  as  tl 
"best"  until  a  larger  recovery  area  is  obtain* 
from  a  different  combination  of  cuts,  which  tht 
replaces  it  as  the  "best."  After  all  acceptab 
combinations  have  been  evaluated  for  best  fi 
the  individual  board  recovery  summary 
printed  out.  Totals  are  accumulated  for  tot; 
recovery  output  by  board  grade  and  size  cla: 
until  an  end-of-file  is  encountered  in  the  inpi 
data  file. 

Program  Control  Card  Type  1.         FORMAT  (4A10) 

Column 

1-40         TITLE  Short    title    to    identify    data   beir 

processed. 
Program  Control  Card  Type  2.         FORMAT  (415) 
Column 

1-   5         LBTD  Minimum    length    between    defec 

control:     same  value  as  in  CONS 

6-10         LPRM  Lower    limit    of    combined    cuttin 

control:  used  to  select  combinatio 

of  cutting  sizes. 

11-15        NBSTR  Board  number  to  start  analysis  f 

recoverable  area. 
16-20         NBEND        Board   number  to  end  analysis  f 
recoverable  area. 
Board   numbers    (NBRD)   to  be  included  in  the  analys 
should  be  >NBSTR  and  1NBEND. 


Appendix  1:    Sample  Output  From  Programs 


The  sample  output  following  is  a  set  of 
computer  printout  pages  obtained  from  running 
the  PERMU  and  CONST/RECVRY  programs. 
The  board  input  data  consisted  of  a  set  of  10 
boards  from  the  14  Q.I.U.  (3.5-inch)  board  width 
class.  Five  boards,  numbered  291-295,  were  grade 

3  Common  with  a  length  of  768  Q.I.U.  (16  feet), 
and  five  boards,  numbered  301-305,  were  grade 

4  Common  with  a  length  of  576  Q.I.U.  (12  feet). 
The  minimum  acceptable  length  between  de- 
fects was  set  at  36  Q.I.U.  (9  inches).  Only  those 
cutting  combinations  which  resulted  in  a  total 
cut  (width)  greater  than  8  Q.I.U.  and  less  than 
or  equal  to  14  Q.I.U.  (total  board  width)  were 
evaluated.  Cutting  combinations  evaluated  in- 
cluded (numbers  in  Q.I.U.),  (4,  8),  (8,  4),  (12). 
The  only  other  possible  combination  (4,  4,  4) 
was  excluded  to  decrease  the  number  of  1-inch- 
wide  cuttings. 

PERMU  Output 

The  first  line  is  a  summary  of  the  input 
values  assigned  to  the  program  control  para- 
meters IBWDT,  NSIZE,  NSWBL,  and  the  array 
KUT. 
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12 


NBR    OF    DIFFERENT    CUT    COMBINATIONS    =  120 


IBWDT 


46  Q.I.U. 


NSIZE  =  3 

NSWBL  =  4 

KUT(l)  =  4  Q.I.U. 

KUTi2)  =  8  Q.I.U. 

KUT(3)  =  12  Q.I.U. 

KUT(4)  =  0 

KUT(5)  =  0 


Maximum  width  of  sample  boards, 

1  1 .5-inches 

Number  of  cutting  sizes  to  consider 

Number   of    machine   saw  blades 

available 

Consider  a  1-inch  cutting 

Consider  a  2-inch  cutting 

Consider  a  3-inch  cutting 

Not  used  this  run 

Not  used  this  run 


The  total  number  of  possible  combinations 
for  three  sizes  and  four  blades  is  the  computed 
value  120.  Only  those  combinations  which  can 
be  made  using  four  positions  within  the  limits 
of  the  board  are  printed  out  for  user  considera- 
tion. 

Column  1  of  the  output  table  is  a  combina- 
tion (COMBO)  number  used  to  reference  the 
cutting  combination.  Columns  2-7  contain 
cutting  combinations.  The  number  6  is  used  to 
fill  out  the  table,  and  has  no  significance  as  far 
as  combinations  are  concerned.  The  numbers  1, 
2,  and  3  in  the  table  are  referenced  to  the 
cutting  sizes  stored  in  array  KUT  so  that  1  =  4, 
2  =  8,  and  3  =  12  Q.I.U.  The  number  in  column 
8  is  the  total  units  cut  for  the  given  cutting 
combination  and  is  used  as  a  test  limit  in  pro- 
gram RECVRY.  The  table  output  is  ordered  by 
increasing  values  in  column  8. 


1 

2 

4 

3 

5 

7 

13 

6 

8 

10 

14 

16 

22 

40 

9 

11 

15 

17 

19 

23 

25 

31 

41 

43 
49 
67 
12 
18 
20 
24 
26 
28 
32 
34 
42 
44 
46 
50 
52 
58 
68 
70 
76 
94 
21 
27 

29 
33 
35 
37 
45 
47 
51 
53 


6 

6 

1 
6 
1 
2 
1 
1 
2 
3 
1 
2 
1 
1 
2 
3 
1 
2 
3 
1 
2 
1 
1 

2 

1 
1 
3 
2 
3 
1 
2 
3 
1 
2 
1 
2 
3 
1 
2 
1 
1 
2 
1 
1 
3 
2 

3 

1 
2 
3 
2 
3 
1 
2 


6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
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6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6 
6 
6 
6 
6 
6 
6 
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6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

6 
6 
6 
6 
6 
6 
6 
6 


4 
8 
8 
12 
12 
12 
12 
16 
16 
16 
16 
16 
16 
16 
20 
20 
20 
20 
20 
20 
20 
20 
20 

20 
20 
20 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
28 
28 

28 
28 
28 
28 
28 
28 
28 
28 
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1 

3 

2 

1 

6 

6 

2  8 

59 

2 

i 

3 

1 

6 

6 

2  8 

61 

I 

2 

3 

I 

6 

6 

2  8 

69 

i 

1 

1 

2 

6 

6 

28 

71 

2 

2 

1 

2 

6 

6 

28 

73 

1 

3 

1 

2 

6 

6 

28 

n 

2 

1 

2 

2 

6 

6 

28 

79 

1 

2 

2 

2 

6 

6 

28 

B5 

1 

1 

.5 

2 

6 

6 

28 

95 

2 

L 

1 

3 

6 

6 

28 

97 

1 

2 

1 

3 

6 

6 

28 

103 

1 

1 

2 

3 

6 

6 

28 

30 

3 

3 

2 

6 

6 

6 

32 

36 

3 

2 

3 

6 

6 

6 

32 

38 

2 

3 

3 

6 

6 

6 

3  2 

HP, 

3 

3 

i 

6 

6 

3  2 

y. 

3 

2 

2 

6 

6 

32 

56 

2 

3 

2 

6 

6 

32 

60 

3 

1 

3 

6 

6 

32 

62 

2 

2 

3 

6 

6 

3  2 

64 

1 

3 

3 

6 

6 

32 

72 

3 

2 

1 

2 

6 

6 

32 

74 

2 

i 

1 

2 

6 

6 

3  2 

7R 

3 

1 

2 

2 

6 

6 

32 

80 

2 

2 

2 

2 

6 

6 

3  2 

B2 

1 

3 

2 

2 

6 

6 

32 

86 

2 

1 

3 

2 

6 

6 

32 

88 

1 

2 

3 

2 

6 

6 

32 

96 

3 

1 

1 

3 

6 

6 

32 

98 

2 

2 

1 

3 

6 

6 

3  2 

100 

1 

3 

1 

3 

6 

6 

32 

104 

2 

1 

2 

3 

6 

6 

32 

106 

1 

2 

2 

3 

6 

6 

32 

112 

1 

1 

3 

3 

6 

6 

32 

39 

3 

3 

3 

6 

6 

6 

36 

57 

3 

3 

2 

1 

6 

6 

36 

63 

3 

2 

3 

1 

6 

6 

36 

6  5 

2 

3 

3 

1 

6 

6 

36 

75 

3 

3 

1 

2 

6 

6 

36 

«i 

J. 

2 

2 

2 

6 

6 

36 

83 

2 

3 

2 

2 

6 

6 

36 

87 

3 

1 

3 

2 

6 

6 

36 

89 

2 

2 

3 

2 

6 

6 

36 

91 

1 

3 

3 

2 

6 

6 

36 

99 

3 

2 

1 

3 

6 

6 

36 

101 

2 

3 

1 

3 

6 

6 

36 

105 

3 

1 

2 

3 

6 

6 

36 

107 

2 

2 

2 

3 

6 

6 

36 

109 

1 

3 

2 

3 

6 

6 

36 

113 

2 

1 

3 

3 

6 

6 

36 

115 

1 

2 

3 

3 

6 

6 

36 

66 

3 

3 

3 

1 

6 

6 

40 

84 

3 

3 

2 

2 

6 

6 

40 

90 

3 

2 

3 

2 

6 

6 

40 

92 

2 

3 

3 

2 

6 

6 

h0 

102 

3 

3 

1 

3 

6 

6 

40 

108 

3 

2 

2 

3 

6 

6 

40 

110 

2 

3 

2 

3 

6 

6 

40 

114 

3 

1 

3 

3 

6 

6 

40 

116 

2 

2 

3 

3 

6 

6 

40 

118 

1 

3 

3 

3 

6 

6 

40 

CONST  Output 

The  first  line  is  a  statement  of  the  inpu 
values  assigned  to  the  program  control  param 
eters  LBTD  =  36,  NBSTR  =  291,  and  NBEND  = 
305.  The  next  10  lines  are  the  input  data  for  thi 
first  board,  followed  by  the  computed  defec 
area  for  three  cutting  sizes  for  that  board.  Com 
plete  output  for  all  the  test  boards  is  printe* 
out  for  the  sample  run.  When  a  large  numbe 
of  boards  is  to  be  evaluated,  complete  output 
for  only  the  first  board  in  the  input  set  i: 
printed  to  reduce  the  number  of  output  page 
required.  The  remaining  boards  in  the  input  se 
are  indicated  only  by  their  ID,  which  contain; 
the  grade  class,  board  number,  number  of  d( 
fects  in  the  board,  and  the  overall  coordinate 
of  the  board.  The  last  line  is  a  statement  indi 
eating  the  run  was  successfully  completed,  am 
gives  the  total  number  of  boards  processed. 


MIN.     LENGTH    BETWEEN    DEFECTS    CONTROL    F[r 
THIS    RUN     IS  36  291    -       305 


3  291 

8 

0    0 

14  768 

11  366 

14  374 

0  411 

7  421 

0  444 

1  473 

4  451 

12  463 

0  537 

2  547 

0  574 

3  582 

8  667 

13  671 

3  697 

13  710 

1 

480 

960 

1896 

2 

440 

1120 

1776 

3 

292 

824 

13  32 

4 

260 

760 

0 

5 

260 

824 

0 

6 

380 

824 

0 

7 

380 

824 

0 

3 

220 

0 

0 

9 

252 

0 

0 

10 

252 

0 

0 

11 

252 

0 

0 

12 

0 

0 

0 

13 

0 

0 

0 

14 

0 

0 

0 

3  292 

5 

0    0 

14  768 

0  208 

9  232 

4  299 

13  316 

0  514 

4  525 

1  533 

10  550 

5  637 

10  642 

1 

240 

656 

984 

2 

308 

656 

984 

3 

328 

656 

984 

4 

328 

656 

0 

5 

252 

504 

0 

6 

252 

504 

0 

7 

252 

504 

0 

8 

252 

0 

0 

9 

252 

0 

0 

10 

156 

0 

0 

11 

68 

0 

0 

12 

0 

0 

0 

13 

0 

0 

0 

14 

0 

0 

0 

3 

293 

7 

0 

0 

14 

768 

0 

31 

3 

37 

8 

113 

14 

123 

2 

508 

7 

514 

1 

525 

5 

530 

0 

543 

14 

544 

9 

509 

14 

618 

10 

711 

14 

716 

1 

292 

584 

1164 

2 

292 

664 

1164 

3 

292 

736 

1164 

4 

144 

480 

0 

5 

144 

480 

0 

6 

134 

480 

0 

7 

220 

<f80 

0 

8 

100 

0 

0 

9 

100 

0 

0 

10 

100 

0 

0 

11 

100 

0 

0 

12 

0 

0 

0 

13 

0 

0 

0 

14 

0 

0 

0 

3 

294 

5 

o 

0 

14 

768 

10 

245 

14 

252 

0 

295 

14 

355 

10 

359 

14 

381 

9 

546 

14 

658 

9 

708 

14 

717 

1 

240 

480 

1368 

2 

240 

A80 

1368 

3 

240 

648 

1368 

4 

240 

912 

0 

5 

240 

912 

0 

6 

240 

912 

0 

7 

324 

912 

0 

8 

456 

0 

0 

9 

456 

0 

0 

10 

456 

0 

0 

11 

456 

0 

0 

12 

0 

0 

0 

13 

0 

0 

0 

14 

0 

0 

0 

3  i 

295 

7 

0 

0 

14 

768 

11 

75 

14 

84 

0 

L75 

4 

190 

5  ' 

«1 

12 

439 

6 

545 

13 

554 

8  l 

561 

14 

669 

0  ( 

579 

5 

689 

0  737 

10 

768 

1 

224 

584 

1200 

2 

224 

728 

1200 

3 

256 

728 

1200 

4 

292 

728 

0 

5 

232 

680 

0 

6 

224 

520 

0 

7 

224 

520 

0 

8 

224 

0 

0 

9 

260 

0 

0 

10 

260 

0 

0 

11 

136 

0 

0 

12 

0 

0 

0 

13 

0 

0 

0 

14 

0 

a 

0 

4  301 

7 

0 

0 

14  576 

11 

0 

14   26 

2 

95 

7  100 

0 

L46 

5  153 

2 

181 

9  186 

7 

322 

11  327 

0  498 

2  576 

3  ' 

547 

9  555 

1 

492 

1024 

1348 

2 

492 

1024 

1848 

3 

296 

632 

1260 

4 

296 

632 

0 

5 

316 

840 

0 

6 

176 

560 

0 

7 

176 

560 

0 

8 

156 

0 

0 

9 

260 

0 

0 

10 

124 

0 

0 

11 

124 

0 

0 

12 

0 

0 

0 

13 

0 

0 

0 

14 

o 

0 

0 

4 

302 

12 

0 

0 

14  576 

0 

40 

5   47 

0 

226 

4  237 

10 

281 

14  293 

3 

291 

9  298 

12 

307 

14  346 

9 

348 

14  361 

9 

384 

14  391 

0 

^38 

6  448 

6 

<t75 

9  479 

0 

505 

7  512 

0 

544 

6  576 

12 

551 

14  576 

1 

424 

13  04 

2592 

2 

424 

1304 

3192 

3 

424 

1648 

3192 

A 

652 

1728 

0 

5 

608 

1640 

0 

6 

580 

1984 

0 

7 

348 

1376 

0 

8 

256 

0 

0 

9 

256 

0 

0 

10 

540 

0 

0 

11 

54  0 

0 

0 

12 

0 

0 

0 

13 

0 

0 

0 

14 

0 

0 

0 

4 

303 

4 

0 

0 

14  576 

2 

161 

7  167 

0  , 

190 

3  329 

6  * 

=►20 

14  476 

3 

502 

11  514 

1 

228 

1112 

1668 

2 

228 

1112 

1668 

3 

228 

1112 

1668 

4 

400 

800 

0 

5 

400 

800 

0 

6 

400 

800 

0 

7 

400 

800 

0 

8 

376 

0 

0 

9 

376 

0 

0 

10 

376 

0 

0 

11 

376 

0 

0 

12 

0 

0 

0 

13 

0 

c 

0 

14 

0 

0 

0 

4  : 

504 

8 

0 

0 

14  576 

9 

84 

14   93 

7 

L24 

13  132 

o  ; 

?08 

9  222 

9 

?36 

14  246 

o  : 

505 

3  312 

4  ' 

546 

13  358 

11  466 

14  472 

6 

511 

14  522 

1 

84 

688 

1872 

2 

268 

688 

1872 

3 

268 

1200 

1872 

4 

148 

872 

0 

5 

180 

920 

0 

6 

180 

920 

0 

7 

436 

920 

0 

8 

436 

0 

0 

9 

460 

0 

0 

10 

348 

0 

0 

11 

348 

0 

0 

12 

0 

0 

0 

13 

n 

0 

0 

14 

0 

0 

0 

4 

505 

5 

0 

0 

14  576 

1 

48 

5   54 

6 

L56 

11  165 

11 

320 

14  328 

11 

491 

14  498 

0 

517 

3  576 

1 

260 

592 

1296 

2 

260 

592 

1296 

3 

260 

592 

1296 

4 

60 

120 

0 

5 

60 

240 

0 

6 

36 

192 

0 

7 

36 

192 

0 

8 

36 

0 

0 

9 

96 

0 

0 

10 

96 

11 

96 

12 

0 

13 

0 

14 

0 

END- 

0F- 

-RUN 

TOTAL  BOARDS  PROCESSED  =   1 


RECVRY  Output 

The  first  line  is  a  short  title  to  describe  the 
type  of  boards  processed  by  the  program,  and  a 
summary  of  input  values  assigned  to  the  pro- 
gram control  parameters  LBTD  =  36,  LPRM  = 
8,  NBSTR  =  291,  and  NBEND  =  305.  Output 
consists  of  percent  recovery  for  each  individual 
board,  percent  total  recovery  for  all  boards,  per- 
cent total  recovery  for  grade  3  Common  boards, 
percent  total  recovery  for  grade  4  Common 
boards,  and  a  summary  of  the  number  of  times 
each  available  cutting  combination  was  selected 
for  the  individual  boards. 

Output  for  the  first  board,  number  291,  shows 
that  combination  number  5  generated  the  "best" 
recovery  area.  From  the  PERMU  output  sample, 
combination  number  5  is  a  (2,  1)  cutting  or  an 
8  and  4  Q.I.U.  cut.  Next  is  a  set  of  six  numbers 
which  position  the  saw  kerfs  for  combination 
number  5.  The  first  saw  kerf  is  located  at  unit 
0  of  the  board.  Units  1  through  8  are  used  for 
the  first  cut  (8  Q.I.U. ).  The  second  saw  kerf  is 
located  at  unit  9.  Units  10,  11,  12,  and  13  are 
used  for  the  second  cut  (4  Q.I.U.)  and  the  third 
saw  kerf  is  located  at  unit  14.  A  saw  kerf  loca- 
tion of  zero  indicates  a  position  adjacent  to  the 
bottom  edge  of  the  board.  If  the  saw  kerfs  and 
cutting  widths  do  not  account  for  all  available 
units  in  the  board  as  shown  by  boards  292,  295, 
and  302,  two  adjacent  saw  kerfs  of  one  unit 
each  are  indicated,  and  only  the  upper  saw  kerf 
location  is  printed.  The  total  clear  area  recovered 
is  8,004  Q.I.U.,  the  total  area  of  the  board  is 
10,752  Q.I.U.  (14  x  768),  and  the  percent  recovery 
for  the  board  is  74,442  (8,004/10,752  x  100).  This 
format  is  repeated  for  each  board  in  the  input 
file. 


TEST  4-INCH  10  BROS  MIN  LGT=36 
36     8   291   305 


B0AR0  NBR  =   291 

COMBO  NBR  a     5 

0    9   14   15 

16   17 

AREA  RECOVERED  = 

8004 

AREA  OF   BOARD  = 

10752 

PRCNT  RECOVERY  = 

74.4420 

BOARD  NBR  =   292 

COMBO  NBR  =     5 

11/27/7;  |l 


0       10       15       16  17       18 

AREA    RECOVERED    =  8492 

AREA    OF       BOARD    =  10752 

PRCNT    RECOVERY    =  78.9807 


TOTAL    AREA    REC0VERFD-3C    =  41804 

TOTAL    AREA    OF     90ARDS-3C    =  53760 

PCNT    RECOVERY    B0ARDS-3C    =       77.7604 


BOARD    NBR    =       293 
lOMBO    NBR    =  5 

C          9       14        15  16       17 

UREA    RECOVERED    =  8532 

!\REA    OF       BUARD    =  10752 

'RCNT    RECOVERY    =  79.3527 

iOARD    NBR    =       294 
:OMBO    NBR    =  5 

0          9       14       15  16       17 

\RFA    RECOVERED    =  8280 

iREA    OF       BOARD    =  10752 

>RCNT    RECOVERY    =  77.0089 

50ARD    NBR    =       295 
lOMBO    NBR    =  5 

0       10       15       16  17       18 

\REA    RECOVERED    =  8496 

IREA    OF       BOARD    =  10752 

•RCNT    RECOVERY    =  79.0179 


TOTAL    AREA    REC0VERED-4C    =  29224 

TOTAL    AREA    OF     B0ARDS-4C    =  40320 

PCNT    RECOVERY    B0ARDS-4C    =       72.4802 


PRCNT    RECOVERY    PER    CUTTING    SIZE       B0ARDS-3C 
26.68899  51.07143  0.00000  0.00000 

PRCNT    RECOVERY    PER    CUTTING    SIZE       B0ARDS-4C 
24.88095  47. 59921  0.00000  0.00000 

COMBO    NBR  NBR    TIMES    USED 

5  5 

7  5 

END    OF    RUN.     BOARDS       291    -  305    PROCESSED 


IOARD    NBR    =       301 
lOMBO    NBR     =  7 

0          5       14       15  16       17 

iREA    RECOVERED    =  5860 

iREA    OF       BOARD    =  8064 

'RCNT    RECOVERY    =  72.6687 


An  example  of  the  System  and  Program  Con- 
trol Cards  for  running  program  CONST/ 
RECVRY  which  generated  the  sample  output 
follows: 


IOARD  NBR  =   302 
•  UMBO  NBR  =     7 

0    6   15   16  17   18 

iREA  RECOVERED  =  5112 

,REA  OF   BOARD  =  8064 

RCNT  RECOVERY  =  63.3929 

OAPO  NBR  =   303 
OMBO  NBR  =     7 

0    5   14   15  16   17 

»EA  RECOVERED'  =  5884 

REA  OF   BOARD  =  8064 

RCNT  RECOVERY  =  72.9663 

OARD  NBR  =   304 
OMBO  NBR  =     7 

0    5   14   15  16   17 

REA  RECOVERED  =  5908 

REA  OF   BOARD  =  8064 

RCNT  RECOVERY  =  73.2639 


OARD  NBR  =   305 
OMBO  NBR  =     7 

0    5   14   15  16   17 

REA  RECOVERED  =  6460 

REA  OF   BOARD  =  8064 

RCNT  RECOVERY  =  BO. 1091 


OTAL  AREA  RECOVERED  =  71028 
OTAL  AREA  OF  BOARDS  =  94080 
RCNT  TOTAL  RECOVERY  =   75.4974 


JLIMITS,  CM55000,  T30,  PR30.    ACOUNT  NBR.,  NAME. 

FTN. 

REQUEST,  TAPE7,  DOOOO,  01.        CONST  OUPUT  (DISK) 

LGO. 

REWIND  (TAPE7,LGO)  RECVRY  INPUT  (DISK) 

RFL(43000) 

FTN. 

LGO. 

7/8/9 

CONST  Source  Deck. 

7/8/9 

CONST  Program  Control  Card  (LBTD.NBSTR.NBEND). 

Board  Defect  Data  Cards  (NDEF+3  Cards/Board). 

7/8/9 

RECVRY  Source  Deck. 

7/8/9 

RECVRY  Program  Control  Card  Type  1  (TITLE). 

RECVRY  Program   Control   Card   Type   2    (LBTD,    LPRM, 

NBSTR,  NBEND). 
6/7/8/9  END-OF-JOB  Card. 

If  Programs  CONST  and  RECVRY  are  to  be  run  as  two 
separate  programs,  request  TAPE7  to  be  a  magnetic 
tape  output  file  from  CONST  and  specify  it  as  a  tape 
input  file  to  Program  RECVRY. 


Appendix  2:    Source  Listings  for  Programs 


Program  PERMU 


PROGRAM  PERMU 
1  (INPUT,  OUTPUT,!  APE5=  I  NPUT , T APE6=0UTPUT ,  TAPED 

CONVERSION  OF  PROG  NAME  Jl  (BASIC)  TO  FORTRAN.  THIS  PROGRAM  CONSTRUCTS 
THE  PERMUTATION,  COMBINATION  TABLE  FOR  NSIZEINBR  OF  BRD  WOTH  SIZES) 
AND  NSWBLINBR  OF  MACHINE  SAM  BLADES).  INITIAL  INPUT  IS  TAKEN  FROM  TWO 
CAROS.  OUTPUT  IS  A  PRINT  LISTING  AND  IF  DESIRED  A  TAPE  FILE(TAPEl). 
D.  MARKSTROM   10/72   RMFRES   BJE 

--INPUT  CARD  1   (315) 

IBWDT=BOARD  WIDTH   14,30,46  UNITS 

NSIZE=NBR  OF  DIFFERENT  SIZES  TO  CONSIDER.  MAX=5 

NSWBL=NBR  OF  SAW  BLADES  FOR  YOUR  MACHINE.  MAX  =  6 
--INPUT  CARD  2   (515) 

KUT1I)=SI2ES  FOR  NSIZE  SIZES  ON  CARO  1.    MAX  =  5 

--PROGRAM  VARIABLE  NAMES 

P(I , J)=PERMUTATION  ARRAY  FOR  6  SAW  BLADES.  5  CUTTING  WIDTHS 

C( I (^COMBINATION  ARRAY  FOR  6  SAW  BLADES,  5  CUTTING  WIDTHS 

LSUM=TOTAL  NBR  OF  DIFFERENT  CUT  COMBINATIONS  IN  ARRAY  C(KK) 

NSWB=SAW  BLADE  NBR.,  1  TO  NSWBL+1 

NCMB-COMBINATION  (COMBO)  NBR.,  1  TO  1023.  (FOR  3  SIZES, 5  BLAOES) 

KERF=ACCUMULATOR  FOR  1/4-INCH  SAW  KERFS 

MWDH=ACCUMULATOR  FOR  CUTTING  WIDTHS  IN  1/4-INCH  UNITS 

INTEGER  PIT, 1023), CIIO) 
DIMENSION  KUTI 10) 
REWIND  1 

--INITIALIZE  ARRAYS  AND  VARIABLES 
DO  5  1=1,10 
C(I)=0 
KUTII )=0 
5  CONTINUE 
00  8  Nl=l,7 
DO  7  N2=l, 1023 
P(N1,N2)=0 

7  CONTINUE 

8  CONTINUE 
LSUM=0 

—READ  AND  PRINT  OUT  INPUT  CARDS  1  AND  2.  WRITE  TAPE  FILE  1  ID  RECORD 

READ(5,100)  IBWOT, NSIZE, NSWBL 
100  FORMATI5I5) 

KK=NSWBL  ♦  1 

DO  15  N1=1,KK 

DO  10  N2=l,1023 

PIN1,N2I=6 
10  CONTINUE 
15  CONTINUE 

READI5.100)  (KUTII ), 1=1, 51 

WRITE (6, 102)  I BWDT, NSIZE, NSWBL, (KUTI 11,1=1,5) 

102  F0RMAT(1H1,3I5,5X,5I5,/ ) 
WR1TEI1.103)  NSIZE.(KUT(I),I=1,5) 

103  F0RMATI6I5) 


C — WIDTH  FROM  WHICH  CUT  CAN  BE  MADE 
KERF=0 

MWDH=0 

DO  75  NCMB-1,1023 

DO  55  NSWB=1,KK 

L=P(NSWB,NCMB) 

IFIL.EQ.6I  GO  TO  60 

MWDH=MWDH  ♦  KUT(L) 

KERF=KERF  ♦  I 
55  CONTINUE 

GO  TO  70 
60  MSUM=MWDH  ♦  KERF 

IF (MSUM.LE.IBWDT)  GO  TO  65 

P(7,NCMB)=99 

GO  TO  70 
65  P(7,NCMB)=MWDH 
70  KERF=0 

MWOH=0 
75  CONTINUE 


C 

C  —  PR 

C— 4 


INT  OUT  PERM-COMB  TABLE,  ARRAY  P,  OF 
UNITS(l-INCH)  TO  IBWDT  UNITS  WIDE. 
KTMP=0 

DO  85  N=4, IBWDT 
DO  80  NCMB-1,1023 
IF(P(7,NCMB) .NE.N)  GO  TO  80 
MWDH=P(7,NCMB) 
KTMP=P(6,NCMB) 
IF(KTMP.NE.O)  GO  TO  78 
KTHP=6 
78  WRITE(6,106)  NCMB, I P( I ,NCMB ) , 1=1 , 5 > , 
106  F0RMATI1H  ,815) 

WRITE  I  1,1 08)  NCMB, (P(  I, NCMB), 1=1,5), 
108  F0RMATI8I5) 
80  CONTINUE 
85  CONTINUE 

ENOFILE  1 
REWIND  1 
CALL  EXIT 
END 


KTMP.HWDH 
KTMP.MWDH 


POSSIBLE  CUTS  FROM  A  6 


—DETERMINE  COMBINATIONS  FOR  NSIZE  CUTS  AND  KK  SAW  BLADES 
K  =  0 

C(2)=NSIZE 
LSUM=LSUM  ♦  NSIZE 
1=0 

DO  20  K=2,KK 
I=K  ♦  1 

CII)=NSIZE»»K  *  C( 1-1) 
LSUM=LSUM  ♦  NSIZE*»K 
20  CONTINUE 

NCUT=C( 1-1) 
WRITEI6, 104)  NCUT 
104  F0RMATI1H  ,*NBR  OF  DIFFERENT  CUT  COMBINATIONS  =»I6,/) 

—FILL  ARRAY  P  FOR  NSIZE  CUTS  AND  KK  SAW  BLADES 

N=l 

1=0 

C(ll=l 

DO  50  NSWB=1,KK 

K=C(NSWB) 

I=NSWB  -  1 

IFII.EO.O)  KZ=1 

IF( I .EO.O)  GO  TO  25 

KZ=NSIZE**I 

K=K  ♦  1 
25  KCZ=K  »  KZ 

DO  30  NCMB=K,KCZ 

IFINCMB.GT.1023)  GO  TO  35 

P(NSWB,NCMB)=N 
30  CONTINUE 
35  N=N  ♦  1 

K=K  ♦  KZ 

IFIN.GT. NSIZE)  GO  TO  40 

IFIK.GE.LSUM)  GO  TO  45 

GO  TO  25 
40  N=l 

GO  TO  25 
45  N=l 
50  CONTINUE 

-COMBINE  CUT  WIDTH  ANO  SAW  KERF  SELECTIONS  AND  DETERMINE  MIN  BOARD 
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•am  CONST 


C — SET  RRD  Y-D1R  START  COORD.  =  1   IBYS 

IBYS=1 

C--REA0  BOARD  DEFECT  COORD.  CARDISI 
lOGRAM  CONST  20    READI5.106)  I OXS , I DYS , I DX E , IDYE 

NPUT, OUTPUT, TAPE5=INPUT,TAPE6=0UTPUT,TAPE7)  I F ( I DXS . EQ. 999 )  GO  TO  35 

C       IFIKFRST.NE.O)  GO  TO  22 
:S10N  OF  PROG  NAME  CONST  (BASIC)  TO  FORTRAN.  THIS  PROGRAM  INPUTS  WRITE(6,107)  I DXS , I DYS , I DXE , I OYE 

IL  X,Y  DEFECT  COORDI NATES ( FROM   CARDS!  AND  OUTPUTS  MODIFIED  X,Y         22  LOS=IDYS  ♦  1 
NATESION  FILE  71  USING  A  MIN  LENGTH  BETWEEN  DEFECTS  LIMITATION  LDE=IDYE 

IS  CARD  INPUTIVAR.  LBTD).  THE  MODIFIED  X,Y  FOR  OEFECTS  IS  INPUT  I F I  I DXE . LE . I BXE )  GO  TO  25 

IG  RECVRY  WHICH  SELECTS  THE  CUT  COMBO  FOR  EACH  INDIVIDUAL  BRO.  IOXEMBXE 

MARKSTROM   10/72   RMFRES   BJE   MODF.  07/72  25  KK=IDXE  -  1 

IF( | DXS.EO.O.AND.KK.FO.D)  GO  TO  32 
CONTROL  CARD  (3151  C  —  STORE  DEFECT  COORD.  IN  ARRAY  T  ANO  SIMULATE  DEFECT  IN  ARRAY  LWB 

iTD  =  MIN.  LENGTH  BETWEEN  DEFECTS  CONTROL  VARIABLE  (IN  UNITS)  U0  30  I=IDXS,KK 

iSTR  =  NBR  OF  THE  BRO  TO  START  ANALYSIS   EXP.  201  N=I  ♦  1 

lENO  =  NBR  OF  THE  BRD  TO  END  ANALYSIS     EXP.  299 

CARDS-  BRD  IDENT.,  BRD  COORD.,  DEF  COORD.,  END  OF  BRD  INPUT. 

I  IDENTIFICATION  CARD.  ONE/BOARD  1  5X  ,  I  2,  24X,  I  5  ,  32X,  I  4) 
.RD  =  BOARD  GRADE  CODE 
|RD  =  B0ARD  NUMBER 

lEF  =  NUMBER  OF  DEFECTS  IN  BOARD 

I  COORDINATE  CARD.  ONE/BOARD  ( I  3, IX , I  3, 5X, I  3 , 1 X, I  3  I  c 

XS=BOARD  X-DIR(WIDTH)  START  COORD.  IBXS=0 
,YS  =  BOARD  Y-DIR(LNGTH)  START  COORD.  IBYS=0 
iXE  =  BOARD  X-DIR(WIDTH)  END    COORD.  IBXE=14,30,  OR  46 
,YE=BOARD  Y-DIR(LNGTH)  END    COORD.  I  BYE  =  576,672,  OR  768 
T  COORDINATE  CARD(S).  NDEF/BOARD  (  I  3, IX , I  3, 5X , 1 3, 1 X , I  3  I 
IXS  =  DEFECT  X-OIRIWIDTH)  START  COORD.  IDXS  GE  IBXS 
IYS=DEFECT  Y-OIR(LNGTH)  START  COORD.  1DYS  GE  IBYS 

IXE  =  DEFECT  X-DIRIWIDTHI  END    COORD.  IDXE  LE  IBXE  c 

IYE  =  DEFECT  Y-DIR(LNGTH)  END    COORD.  IDYE  LE  I8YE  C— DETERMINE  IF  MIN  LENGTH  BETWEEN  DEFECTS  EXISTS.  IF  NO,  BLOCK  OUT 

IF  BOARD  DATA  CARO.  ONE/BOARD  I  13, IX, 13, 5X, 13, IX, 1 3)  C--1X-0UT)  CLEAR  AREA  BETWEEN  DEFECTS  IN  ARRAY  LWB. 

'XS  =  999  35  CONTINUE 

!VS=0  KEND=IBXE 

iXE  =  0  00  50  N=1,KEND 

iVE=0  K=P(NI 

OF  DATA  CARDS  FOR  ONE  BOARD  WILL  CONTAIN  N0EF*3  CARDS.  P(Nl=P(N)  ♦  1 

T(N,K»1)=IBYE 
AM  VARIABLE  NAMES  T  (  N,  K>2  I  =  I  BYE 

I,44)=TABLE  OF  START  AND  END  DEFECT  COORD.  FOR  A  BRD.  I=IBXE  KK=PINI 

CTI3)  =  ACCUMULAT0R  FOR  DEFECT  AREA  FOR  3  CUTTINGS,  4-B-12  UNITS.  D0    «,5  m=3.KK,2 

I)=POINTER  WHICH  POSITIONS  DEFECT  COORD.  IN  TABLE  T.   I=IBXE  IFITIN.MI  -  T  I N,  M- 1  }  .EO.O  I  GO  TO  45 

T(3)=THREE  CUTTING  SIZES.   SET  BY  PROG  STATEMENTS.  IFITIN.MI  -  T  ( N,  M-l  I  .  LT  .LBTD)  GO  TO  40 

8(I,768)=BRD  DIMENSION  ARRAY  FOR  COMPUTER  SIMULATION  OF  ALL  I F  I  T  I  N,M)  .  EQ.  I  BYE  )  GO  TO  45 

DEFECTS  IN  A  BRD.  I=iBXE  G0  I0  <,5 

ND(1)=MIN  DEFECT  COORD.  FOR  LWB  SCAN  OF  DEFECT  AREA.   I=IBXE  ^0  L0S=TIN,M-1)  ♦  1 

XD(II=MAX  DEFECT  COORD.  FOR  LWB  SCAN  OF  DEFECT  AREA.   1= IBXE 
S=LENGTH  DEFECT  START  COORD.  VALUE,  USED  TO  X-OUT  DEFECT  IN  LWB 
i£  =  LENGTH  DEFECT  END    COORO.  VALUE,  USED  TO  X-OUT  DEFECT  IN  LWB 
=WIDTH  DEFECT  COORD.  VALUE,  USED  TO  X-OUT  DEFECT  IN  LWB 


K=P(N) 

TIN.Kfl )  = 

I  DYS 

T(N,K+2)= 

IDYE 

P(N)=P(N) 

♦  2 

NX=N 

CALL  XOUT 

30  CONTINUE 

GO  TO  20 

32  K  =  P( 1  I 

TI1,K»1)= 

IDYS 

T(1,K»2I= 

IDYE 

P(1)=P(1) 

♦  2 

NX=1 

CALL  XOUT 

GO  TO  20 

40  LDS=TIN,M-1) 

LDE=T(N,M*1 ) 

NX=N 

CALL  XOUT 

45  CONTINUE 

P(N)=2 

50  CONTINUE 

C 

c- 

-SET  INDEXS  FOR 

DIMENSION  IS  SET  BY  THE  USER  AND  IS  DETERMINED  BY  THE  WIDTH 
OF  BOARDS  TO  BE  PROCESSED.  THIS  HELPS  TO  REDUCE  CORE  STORAGE 

REMENTS  AND  RUN  COSTS.  C— SET  INDEXS  FOR  BOARD  SCAN  TO  FIND  OEFECT  AREAS 

DO  85  N=1,KEND 
iTEGER  T(14,44l .DFCTI 31, P( 141  KK=0 

MENSION  KUTI3I  |S=N 

IMMON  LWBI 14,768) .HINDI  14), MAXDI 14), LDS.LDE.NBRD, NX  DO  80  K»3.5 

IwIND  7  I=K  -  KK 

ALIZE  ARRAYS.  SET  THE  UPPER  LIMIT  OF  THE  1  INDEX  TO  IBXE.  KK=KK  ♦  2 

RST  =  0  |E-N  ,.  KUT(1  ) 

iUNT  =  0  L1M1T=IBXE  -  KUTII1 

'T  '  1  »  *3  IF(N. GT. LIMIT  )  GO  TO  80 

IT  (2)  =7  c 

IT  <  3 1 =1 1  C--FIND  MIN-MAX  DEFECT  COORD.  FOR  BOARD  SCAN.  IF  MAXD(M)=0,  NO  DEFECTS 

:CT,l,=0  C — FOR  RANGE  OF  SCAN. 

|CT(2)=0  c 

CT<3'=0  DO  54  M=IS,IE 

'  2  I-1.14  lF(MAXDIM).EO.O)  GO  TO  54 

2  J=l,768  GQ  T0  56 

BtI i J»-0  54  CONTINUE 

;  *  I-ltl*  GO  TO  80 

*  J=1.44  56  1BYS=MIND( IS) 

ltJ>=0  IBYE=MAXD< IS) 

6  '«ltl*  DO  60  NMS.IE 

11=2  IFIMINDIMI.LT. IBYS)  IBYS=MINO(NI 

INPUT  CONTROL  CARD  I F ( MAXDI M) .GT . I  BYE )  IBYE=MAXD(M) 

AD(5,100)  LBTD.NBSTR.NBENO  60  CONTINUE 

RMAT13I5)  C 

ITEI6.101I  LBTD.NBSTR.NBENO  C--HAKE  X.Y  SCAN  OF  BOARD  ARRAY  LWB  TO  FIND  DEFECT  AREA.  IF  DEFECT  FOUND 
RMAT(1H1,5X,*MIN.  LENGTH  8ETWEEN  DEFECTS  CONTROL  FOR  THIS  RUN  IS   C--ACCUHUL AT E  OEFECT  AREA  IN  DFCTII). 
I4,2X,I4,»  -  •,!«,/»  NCLRY=0 

DO  75  J=IBYS,I8YE 
I  B  1=1,14  DO  65  M= IS. IE 

ND(II=900  IF(LWB(M,J).EO.NBRD)  GO  TO  68 

XOII 1=0  65  CONTINUE 

BOARD  ID  CARO  NCLRY=NCLRY  ♦  1 

AD(5,102)  NGRO.NBRD.NDEF  GO  TO  75 

RMAT(5X,I2,24X,i5,32X,14)  C--TEST  FOR  MIN  DISTANCE  BETWEEN  DEFECTS  IN  LENGTH(Y)  DIREITION 
( EOF ( 5  I )  90,15  68  I F I NCLRY .EO.O I  GO  TO  70 

(NBRD.LT.NBSTR)  GO  TO  87  I F ( NCLRY. GE. LBTD)  NCLRY-0 

(NBRD.GT.NBEND)  GO  TO  90  1 F ( NCLRY. GE. LBTD I  GO  TO  70 

ITEI6,104)  NGRO.NBRD.NDEF  MULT=KUT(I)  ♦  1 

RMAT(1H0,I3,1X,I3,5X,I3I  IADD=NCLRY  •  MULT 

BOARD  COORD.  CARD  DFC T I  I ) =DFC T I  I )  ♦  IAOD 

ADI5.106)  IBXS, IBYS, IBXE, I8YE  NCLRY=0 

RMATI 13. IX, 13, 5X, 13. IX, 13)  C 

1  FILE  7  FOR  RECVRY  INPUT  TO  DFCT ( I  I  =  DFCT (  1 )  .  KUT ( 1 )  .  1 

'ITEI71  NGRD.NBRD.NDEF  75  CONTINUE 

JITEI7)  IBXS, IBYS, IBXE, IBYE  80  CONTINUE 

ITEI6.107)  IBXS, IBYS, IBXE, IBYE  P(l)=2 

JRMATI1H  ,  13,  IX,  13,  5X,  13,  IX,  131  C 
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C — LIST  DEFECT  AREAS  FOR  FIRST  BOARD  AND  WRITE  FILE  7  FOR  ALL  BOARDS 
C — FOR  RECVRY  INPUT.   BRANCH  AND  DO  NEXT  BOARD. 
C      IFIKFRST.NE.O)  GO  TO  82 

WRITE  I  6, 108)  N,DFCT( 1 ) ,DFCT ( 2  I ,DFCT( 3  I 
108  FORMATUH  .  I  <.  .3  I  2X  ,  I  5  I  ) 
82  WRITEI7)  DFCTIll , DFCT I  2 ) , DFCT 1 31 
DFCT(1I=0 
DFCT(2I=0 
DFCT(3I"0 
85  CONTINUE 

KOUNT*K0UNT  *  1 

KFRST=1 

GO  TO  10 

: 

87  KRECS-NDEF  »  2 

DO  88  NSKP=1.KRECS 

RE  AD  (5. 106  I  IDUM1,IDUM2,IDUM3»  IDUM<. 

88  CONTINUE 
GO  TO  12 


TOTAL  BOARDS  PROCESSED  =M«I 


90  WRITE16.110I  KOUNT 
110  FORHAT(1HO,5K,«END-OF-RUN. 
ENDFILE  7 
REWIND  7 
END 

SUBROUTINE  XOUT 

ROUTINE  GO  SUB  490  FROM  PROG  CONST  (BASIC) 

THIS  ROUTINE  SIMULATES  THE  BRD  DEFECT  AREAS  BY  STORING  THE  BRD  NUMBER 
(NBRO)  IN  ALL  X,Y  LOCATIONS  OF  A  DEFECT.  IT  IS  X-ING  OUT,  OR  BLOCKING 
OUT  THE  AREA  OF  DEFECT  AS  SPECIFIEO  BY  THE  INDICATORS  NX.LDS.  AND  LDE. 
MAX  AND  M1N  DEFECT  LIMITS  IN  THE  Y  DIRECTION  ARE  ALSO  DETERMINED. 

COMMON  LWB(l<.,768>,MINDt  14)tMAXD<  14  ) ,  LDS.  LOE,  NBRD.NX 
00  10  I=LDStLDE 
LWBINX, I )=NBRD 
10  CONTINUE 

IF(LDE.GT.MAXDINX) I  MAXD(NXI*LDE 
ir(LDS.LT.MINDINX) I  MlNDINXI-LDS 

RETURN 
END 
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am  RECVRY 


IOGRAM  RECVRY 
NPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT,TAPE7) 

1S10N  UF  PROG  NAME  GOOD1  (BASICI  TO  FORTRAN.  THIS  PROGRAM  INPUTS 
IDIFIED  X,Y  BOARD  COORDINATES  (DEFECT  AREA)  FROM  FILE  TAPE7 
,TED  IN  PROG  CONST  AND  OUTPUTS  THE  BEST  CUT  TO  MAXIMIZE  RECOVER- 
IREA  FOR  INDIVIDUAL  BOARDS.  THE  PERMU-COMBO  TABLE  TO  BE  USED  TO 
iTE  SELECTED  BRD  SUES  IS  CODED  IN  DATA  ARRAY  KPCT.  THESE  VALUES 
;HANGE  DEPENDING  ON  BRD  SIZE  AND  A  NEW  DATA  LIST  MUST  BE  INSERTED 
IRCE  DECK.   D.  MARKSTROM   10/72   RMFRES   BJE   MODF.  06/72 

'  CONTROL  CARD  TYPE  1  (4A10I 
TLEI I ^IDENTIFICATION  CARD  FOR  RUN 

CONTROL  CARD  TYPE  2  (415) 

iTO=MIN.  LENGTH  BETWEEN  DEFECTS.  SAME  AS  IN  PROG  CONST. 

'RM=LOWfcR  LIMIT  OF  COMBINED  CUTTINGS  TO  BE  CONSIDERED  FROM  THE 

PERMU-COMBO  SETS  IN  ARRAY  KPCT.  CUTTINGS  GT  LPRM  ARE  USED 

TO  EVALUATE  BEST  FIT  UNTILL  A  STOP  INDICATOR,  999  IS  FOUND. 

iSTR  =  NBR  OF  THE  BRD  TO  START  ANALYSIS   EXP.  201 

,END  =  NBR  OF  THE  BRD  TO  END  ANALYSIS     FXP.  299 

,AM  VARIABLE  NAMES. 


=  NBR  OF  CUTTING  SUES  TO  CONSIDER   MAX  OF  5 

)=CUT  SUES  IN  QTR  UNITS  FOR  NSUE  CUTS   EXP 

BRO  GRADE  CODE 

BRD  NUMBER 

NBR  OF  DEFECTS  IN  BRD 

BRD  X-DIR(WIDTH)  START  COORD. 

BRD  Y-DIR(LNGTH)  START  COORD. 

BRD  X-DIR(WIDTH)  END    COORD. 

BRD  Y-DIR(LNGTH)  END    COORD. 

COMBINATION(COMBO)  NUMBER 

COMBO  CUT  SIZE 

COMBO  CUT  SIZE 

COMBO  CUT  SIZE 

COMBO  CUT  SUE 

COMBO  CUT  SIZE 

COMBO  CUT  SIZE 


4,  8,  12,  0,0 


IBXS=0 
IBYS=0 

I8XE=14,30,OR  46 
IBYE=576,672,0R  768 


1 

CODE  1=4,  2=8,  3=12  UNITS 

2 

CODE  1=4,  2=8,  3=12  UNITS 

3 

CODE  1=4,  2=8,  3=12  UNITS 

<, 

CODE  1=4,  2=8,  3=12  UNITS 

5 

CODE  1=4,  2=8,  3=12  UNITS 

6 

CODE  1=4,  2=8,  3=12  UNITS 

T 

FOR  COMBO  NCMBISAWKERFS  NOT  INCLUDED) 

EAR! I,J)=WORK  ARRAY  TO  DETERMINE  CLEAR  AREA  OF  BOARD 

RSZI I , J)=ARRAY  TO  ACCUMULATE  RECOVERY  PER  BOARD  GRADE  AND  SUE 

MBN(I)=ARRAY  OF  SELECTED  COMBO  NBRS 

RD(I)=TOTAL  AREA  RECOVEREO  BY  GRADE 

RD(I)=TOTAL  AREA  OF  BOARDS  BY  GRADE 

ITEGER  CLEAR(6,50),RGRSZ(5,6),SCMBN( 130),TITLEI4),P1,P2,P3,P4,P5, 

ItCN 

MENS  I  ON  KUT(9),IGRD(9) .JGRDI9I .KSZEI6) 

MENSION  KPCTI56) 

LIST  STATEMENTS.  KPCT  IS  DEPENDENT  ON  SIZE  OF  BROS  EVALUATED. 
;0E  ONE  MORE  COMBO  SET  THEN  DESIRED  TO  TERMINATE  SEARCH  WITH 
(KPCT(IDX))  SET  =  999.  KPCT  IS  FOR  IBXE=14  BOARD  WIDTH. 


iTA  KSZE/3,4,8,12,0,0/ 

IT  A  KPCT/1,1,6,6,6,6,6,4,2,2,6,6, 

16, 6, 12,  5,  2,  1,6,  6,  6, 6,  12,  7,  1,2,  6, 


,8,4,1,1,6,6,6,6,8,3,3,6,6, 
,  12,999, 1, 1, 1,1, 1,1,99/ 


ARRAYS  ANO  READ  CONTROL  CARDS  1  AND  2 


)=0 

AR=0 

AB=0 

LT=1 

WIND 

22i 

EAR! 
4  I 
'.     J 

*SZ( 

6    I 

IMBNI 

10 

III] 
!<D(  I 

<U(  I 
HDI5 
UMAT 
HDI5 
UMAT 
IITEI 
UMAT 
>IZE  = 
:  15 
I'l  I  I 


•  SO 
J)=0 
,5 
,6 

J)=0 
,130 
=  0 
1  ,9 

0 

0 

00)  TITLE 

A10I 

021  LBTD,LPRM,NBSTR,NBEND 

151 

104 

HI 

ZEI 

1  ,5 

SZEI 1*1) 


)  TITLE, LBTD.LPRM.NBSTR.NBEND 

9X,4A10,4I5.//1 

1) 


iNPUT    GENERATED    BY    PROG    CONST. 

If=l 

IVDI7)    NGRO.NBRD.NOEF 

1E0FI7))    90,25 

»ID(7)  IBXS.IBYS.IBXE,  IBYE 

I  NBRD.LT.NBSTRI  GO  TO  27 

I  NBRD.GT.NBENDI  GO  TO  90 

Ej  TO  28 

It-o 

MBXE 

C.30  J-1.H1 

»)0(7)  CLE  ARI1,  J  I.CLEAR  (2,  J  l.CLEAR  I  3,  J  I 


ID,  BRD  COORD.,  DEFECT  AREAS 


30  CONTINUE 

IF(KSLT.EQ.O)  GO  TO  80 

-USING  DEFECT  AREAS  FROM  PROG  CONST,  COMPUTE  CLEAR  AREAS  OF  BOARD 
DO  40  1  =  1, NSUE 
MULT=KUTI 1 I»1BYE 
Ml=( ( IBXE-KUTI  I  I  )«1 I 
DO  35  J=1,M1 

CLEARI 1 ,J)=MULT  -  CLEARII.J) 
35  CONTINUE 
40  CONTINUE 
GO  TO  50 

DO  45  J=l, IBXE 

WRITE (6, 112)  J, CLEARII.J), CLEAR  12, J), CLEAR (3, J) 
112  F0RMATI1H  ,418) 
45  CONTINUE 

-SELECT  A  CUTTING  COMBINATION  FROM  ARRAY  KPCT 
50  CONTINUE 
52  NCMB=KPCT (IDX) 

KKS1=KPCT( IDX*1 ) 

KKS2=KPCT( I0X»2I 

KKS3=KPCT( I0X»3) 

KKS4=KPCT( I0X»4) 

KKS5=KPCT( 1DX»5I 

KKS6=KPCTI IDX*6) 

NTCUT=KPCTI IDX+7) 

IFINTCUT.E0.99)  GO  TO  75 

IDX=IDXt8 

IFINTCUT.LE.LPRMI  GO  TO  52 

KX=IBXE  -  NTCUT 

-KX  IS  NBR  OF  SAW  KERF  CUTS  WITHIN  THE  BOARD  DIMENSIONS  IBXS-IBXE 
-EVALUATE  SELECTED  CUTTING  COMBINATION  FOR  MAX  CLEAR  AREA,  STORE  IN  KA 

DO  70  N=1,KX 

ll=(KUTIKKSll    ♦    N    ♦     II 

J1=I1    ♦     (KX-N) 

KS=CLEAR(KKS1 ,N) 

DO  68  N1=U,  Jl 

KS1=CLEARIKKS2,N1)  ♦  KS 

I2=(KUT(KKS2)  ♦  Nl  ♦  1) 

J2=I2  ♦  (KX-I I Jl-lll+N) I 

00  66  N2=I2.J2 

KS2=CLEAR(KKS3,N2)  ♦  KS1 

I3=(KUT(KKS3(  ♦  N2  ♦  1) 

J3=13  ♦  IKX-I ( J2-I2I+I Jl  — I  1 l*N) ) 

DO  64  N3=I3,J3 

KS3=CLEARIKKS4,N3)  ♦  KS2 

I4=IKUT(KKS4)  ♦  N3  ♦  1 ) 

J4  =  I4  ♦  (KX-I ( J3-I 3  I ♦( J2-I2I+I Jl-Il )+N) I 

DO  62  N4=I4,J4 

KS4=CLEAR(KKS5,N4I  ♦  KS3 

I5=(KUT(KKS5)  ♦  N4  ♦  II 

J5=I5  +  (KX-I ( J4-14)t( J3-I3I*IJ2-I2)*I J1-I1)»N) ) 

DO  60  N5=I5,J5 

KS5=CLEAR(KKS6,N5)  ♦  KS4 

IFIKS5.GT.KA)  GO  TO  85 
58  KS5=0 
60  CONTINUE 
62  CONTINUE 
64  CONTINUE 
66  CONTINUE 
68  CONTINUE 
70  CONTINUE 

GO  TO  52 


C 

C  — OUT 
75 

]  10 

1  1  B 

uo 

122 


PUT  INDIVIDUAL  BOARD  RESULTS,  PCNT  RECOVERY  BY  BRD 

1FIKA.E0.0)  GO  TO  80 

WRITE(6,116)  NBRD 

F0RMATI1H  ,9X,»B0ARD  NBR  =  »I4) 

WRITE(6,118I  CN 

F0RMATI1H  ,9X,»C0MB0  NBR  =  »I4) 

WRITEI6.120)  PI ,P2,P3,P4,P5,P6 

F0RMATI1H  ,9X,6I4) 

WRITEI6.122I     KA 

F0RMATI1H    ,9X,*AREA    RECOVERED    =       »I6) 

KB=IBXE«IBYE 

WRItE(6,124)     KB 
124    FORMATdH    ,9X,»AREA    OF       BOARD    =       «I6) 

AR=FLOAT(KA) 

AB=FLOAT(KB) 

PR=(AR/AB)    »    100. 

WRITEI6.126)     PR 
126    FORMATdH    ,9X,«PRCNT    RECOVERY    =»F8.4,/) 

P1=P1    ♦    1 

P2=P2    ♦    I 

P3=P3    ♦    1 

P4=P4    ♦     1 

P5=P5    ♦    1 

P6=P6    ♦     1 
C 
C--ACCUMULATE    RESULTS    BY    GRADE    AND    CUTTING    SUES 

SCMBN(CNI=SCMBN(CN)     ♦    1 

KSAB=KSAB    ♦    KB 

KSAR=KSAR    »    KA 

1GRD(NGRD)=IGRD(NGRD)     ♦    KA 

JGRDINGRD)= JGRO(NGRD)    ♦    KB 

RGRSZ(NGRD,L1)=RGRSZINGR0,L1 ) 

RGRSZ(NGRD,L2)=RGRSZ(NGRD,L2) 

RGRSZ(NGRD,L3)=RGRSZ(NGRD,L3) 

RGRSZINGRD,L4)=RGRSZ(NGRD,L4) 

RGRSZ(NGRD,L5)=RGRSZ(NGR0,L5) 

RGRSZ(NGR0,L6I=RGRSZ(NGRD,L6) 


CLEAR(L1,P1 I 
CLEARIL2.P2) 
CLEARIL3.P3) 
CLEARIL4.P4I 
CLEAR1L5.P5) 
CLEARIL6.P6I 
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BO 

KA»0 

KSLT-1 

00    S2    1*1.6 

00    82    J=1.50 

82 

CLEARU , Jl=0 

GO    TO    20 

a1. 

CN*NCMB 

KA=KS5 

P1=N    -    1 

P2=N1    -    1 

P3  =  N2    -    1 

P4=N3    -    1 

P5=N4    -    1 

P6=N5    -    1 

L1-KKS1 

L2=KKS2 

L3=KKS3 

L4=KKS4 

L5=KKS5 

L6=KKS6 

GO    TO    58 

226  FORMATUH 
1**  CONTINUE 


9X.I5.10X.I5) 


■END  OF  RUN.  REWIND  TAPE7,  PRINT  MESSAGE.  CALL  EXIT 


WRITEI6.228)  NBSTR.NBEND 
228  F0RMATUH0,9X,»END  OF  RUN.  B0ARDS*I5,» 
REMIND  7 
CALL  EXIT 

END 


»I5,*  PROCESSED*! 


C--OUTPUT  aLL  BOARD  RESULTS,  PCNT  RECOVERY  BY  GRADE,  BY  SIZE  WITHIN  GRD 
90  HRITE(6,200)  KSAR 
200  F0RMATUH0.9X,  »TOTAL  AREA  RECOVERED  *  »I8) 

WRITEI6.202)  KSAB 
202  FORHATtlH  ,9X,«T0TAL  AREA  OF  BOARDS  =  «18) 

AR=FLOAT(KSAR) 

AB-FLGAT(KSAB) 

PR=(AR/AB)  *  100. 

WRITEI6.204)    PR 
20*    F0RMATI1H    ,9X,»PRCNT    TOTAL    RECOVERY    =    *F8.4,/I 
C 

WRITEC6.206)     1GR0I3I 
206    F0RMATUH0.9X, 'TOTAL    AREA    REC0VERED-3C    =    *I8) 

WRITEI6.208)     JGRDI3) 
208    FORMATUH    ,9X,*T0TAL    AREA    OF    80ARDS-3C    =    »I8) 

AR  =  FL0ATUGRD(3)  1 

AB-FLOATI IGR0I3)  I 

■     IAR.EO.0.0)     PR=0.0 

IFIAR.EO.O.O)    GO    TO    92 

PR=(AB/AR]     •     100. 

92    WRITEI6.210)    PR 
210    FORMATUH    ,9X,*PCNT    RECOVERY    B0ARDS-3C    »    *F8.4,/) 


WRITEI6.212)     IGR0I4) 
212    FORMATI1HO,9X,*TOTAL    AREA    REC0VERED-4C    =    »I8( 

WRITE<6.21<>>     JGRDI4) 
214    FORMATUH    ,9X,»T0TAL    AREA    OF    B0ARDS-4C    =    *I8) 

AR*FL0ATt  JGRDI4)  I 

AB=FL0ATIIGRD(4)) 

IFIAR.EO.O.O)     PR'0.0 

IFIAR.EO.O.OI    GO    TO    9<. 

PR*(AB/AR>     *    100. 
9*    URITEI6.216I     PR 
216    FORMATUH    ,9X,*PCNT    RECOVERY    B0ARDS-4C    =    *F8.4,/) 


WRITEI6.218) 
218    FORMAT! IHO, 9X, »PRCNT    RECOVERY    PER    CUTTING    SIZE 
IFUGRDI3I.E0.0)     GO    TO    96 
AR=FL0ATIJGRD(3I I 
AB"FL0AT(RGRSZ13,1>  I 


B0ARDS-3C*) 


PR1-IAB/ARI  *  100. 
AB-FL0ATIRGRSZI3.2)) 

PR2*(AB/AR)  •  100. 

AB*FLOAT(RGRSZ(3.3)l 

PR3=tAB/AR)  *  100. 

AB*FL0ATIRGRSZ(3.4I ) 

PR4-IAB/AR)     *    100. 

GO    TO    98 
96    PR1=0.0 

PR2=0.0 

PR3=0.0 

PR4=0.0 
98    HRITE(6t220)    PRl.PR2tPR3.PR4 
220    FORMATUH    ,7X,4 ( 2X.F9.5 ) > 

URITEI6.222) 
222    F0RMATI1H0.9X,*PRCNT    RECOVERY    PER    CUTTING    SIZE       B0ARDS-4C*) 

IF(JGRD(4I.EQ.O)    GO    TO    1*0 

AR=FL0AT(JGRDI4)I 

A8-FL0AT (RGRSZ 14, 1 )  1 

PRl=IAB/ARt  *  100. 

AB  =  FL0ATIRGRSZI't.2l  I 

PR2=(AB/AR)  •  100. 

AB'FL0ATtRGRSZ<4,3> ) 

PR3=IAB/ARI  *  100. 

AB*FL0AT(RGRSZ<4,4) ) 

PR4-IAB/AR)  »  100. 

GO  TO  142 
140  PRl'O.O 

PR2=0.0 

PR3-0.0 

PR4*0.0 
142  HR1TE(6.220)  PR1 ,PR2 , PR3, PR4 

MRITEI6.224) 
224  F0RM^UH0.9X, 'COMBO  NBR    NBR  TIMES  USED  •) 
DO  144  KC=1.130 
IFISCMBN(KC).EQ.O)  GO  TO  144 
HRITEI6.226I  KC.SCMBNIKC) 
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ram  DEFEDIT  Program  CTDFCT 

10GRAM  DEFED1TI INPUT, OUTPUT, T APE5= I NPUT , TAPE6=0UTPUT )  PROGRAM  CTOFCT 

1  I  INPUT,0UTPUT,TAPE5=INPUT,TAPE6=0UTPUT,TAPE1  I 
TO  EDIT  OATA  CARDS  FDR  CUTUP-REP AI R-RECOVERY  STUDY   D.MARKSTROM     C 

<   PROG  T3  WR1TC  BOARD  DEFECT  DATA  CARDS  ON  TAPEIFILE  1)  FOR  INPUT  TO  PROG 

1MENSION  DLWI30) . DLL t 30  I , DUW I 30),DUL( 30),  IDHIB)  C  CONST.  A  DUMMY  RECORD, CONT A  I NI NG  999,0,0,0, IS  WRITTEN  AS  AN  END-OF-BOARO 

C  INDICATUR.  INPUT  IS  A  SET  OF  DEFECT  CARDS  GROUPED  BY  BRD-WIDTM  CLASS 

EAD<5,200>  IDH  C  SUCH  AS  ALL  4-INCH,  R-INCH,  OR  12-INCH  BRDS. 

3RMATI8A10)  C  D.MARKSTROM   REPAIR  STUDY   02/71   BJE 

UTEI6.1)  IDH  C 
3RMATI 1H1,5X,8A10,/1  DIMENSION  LSTIDI8) 

AND  CHECK  HEADER  CARD.  C 
iAD(5,10I  CLASS,  NUMBD.NDEF  RIWIND  1 

:]RMAT(5X,R3,22X,I6,32X,[4I  KDUMY=0 

:(E0F(5I)  100,9  KTREC=0 

=  (CLASS  .EO.  3R  3C  .OR.  CLASS  .EO.  3R  4C  >    GOTO  11  KEND=0 

3  TO  14  LAST=0 

=(NDEF  .LT.  1)  GO  TO  1*  NGRD=0 

J  TO  13  NHRD=0 

UTE(6,2)  NUMBD  NOEF  =  0 

3RMAT(*0», 10X, 'ERROR  IN  THE  FIRST  CARD  OF  BOARD  *,I4)  IXS  =  0 

BOARD  COORDINATE  CARD.  CHECK  LWR  COORD.  LT  UPR  COORD..  IYS  =  0 

EAD(5,20I  PLW.PLL.PUW.PUL  IXE=0 

3RMAT(F3.0,1X,F3.0,5X,F3.0,1X,F3.0)  IYE=0 

=  <PLW  .GE.  PUW  .OR.  PLL  .GE.  PUD  GO  TO  46  C--READ  LIST  ID  CARD  TO  IDENTIFY  OUTPUT  (8A10I 
MPUW  .NE.  14.1G0  TO  21  REA0I5.100)  LSTID 

3  TO  25  100  FORMATI8A10) 

=  IPUW  .NE.  30.1GO  TO  22  WRITEI6.102)  LSTID 

]  TO  25  102  F0RMATI1H1 ,5X,8A10I 

=(PUW  .EQ.  46.1G0  TO  25  C 

]  TO  46  C  READ  BRD  DEFECT  CARDS  AND  OUTPUT  TO  TAPE1.  LISTJOR  MASTER  RECORD. 

=IPUL  .NE.  576. )G0  TO  40  C 

J  TO  35  10  READI5.104)  NGRD,  NBRD,  NDEF 

:(PUL  .NE.  672. )G0  TO  4  1  104  FORMAT ( 5X , I  2 ,24X , 1 5, 32X , 1 4  I 

)  TO  35  IFIE0FI5) I  900, 15 

:(PUL  .EQ.  768. IGO  TO  35  15  LAST=NBRD 

UTE(6,47)  NUMBD, CLASS, PLW.PLL.PUH.PUL  WR I TE I  1 > 106 )  NGRD, NBRD. NDEF, KDUMY 

)RMAT(1H0,10X,*B0ARD  NBR.*I4,»  CLASS  *R3,*  HAS  AN  ERROR  IN  THE  BO      106  F0RMATI4I4) 
ID  COORD.  CARD*.2(2X,F5.0,2X,F5.0) )  WRITEI6.108)  NGRD, NBRD. NDEF , KDUMY 

DEFECT  COORDINATE  CARDISI.  108  FORMAT ( 1H0 , 10X ,4  I  5  I 

)  36  1=1, NDEF  KEND=NDEF  ♦  I 

:ADI5,20)  0LW1I I ,DLL( I ) ,DUW( I ) ,DULI I )  DO  20  I=1,KEND 

1NTINUE  READ(5,110I  I XS , I YS , I XE , I  YE 

<.    LWR  COORD.  LT  UPR  COORD.  AND  FOR  DEFECTS  OUTSIDE  BRD  COORD..         110  FORMAT  I  I  3  , 1  X  ,  I  3  ,  5X  ,  I  3,  IX  ,  I  3  ) 
3  60  1  =  1, NDEF  WRITEU.106)  I XS, I Y$ , I XE , I  YE 

:  IOLWI I )  )  56,52,52  WK1TEI6.112)  I XS , I YS , I XE , I  YE 

:  (DLL ( I  I  )  56,54,54  112  F0RMATI1H  ,10X,4I5) 

-IDLWI I ) .GT.PUW)  GO  TO  56  20  CONTINUE 

MDUWI  I  I.GT.PUWi  GO  TO  56  IXS  =  999 

(DLL! I I.GT.PUL)  GO  TO  56  IYS=0 

IDUL ( I  I .GT.PUL)  GO  TO  56  IXE=0 

flDLWI I ) .GE.DUWI I ) )  GO  TO  56  IYE  =  0 

f(DLLI I  I .GE.DULI I M  GO  TO  56  WR  I  TE  I  1  ,  106  I  I  XS  ,  I  YS  ,  I  XE  ,  I  YE 

»  TO  60  WRITEI6.112)  I XS , I YS , I XE , I  YE 

ITEI6.57)  I .NUMBD.DLWI  I),DLL( I  I .DUWII ),DUL( I  I  IXS  =  0 

{)RMAT(1H0,10X,»DEFECT  CARD*I3,»  BUARD  NBR.*I4,»  IS  IN  ERROR*,  KTREC  =  KTREC  ♦  KENO  ♦  2 

2X,F5.0,2X,F5.0) >  GO  TO  10 

9NTINUE  C 

J  FOR  OVERLAP  OF  DEFECTS  C  END  OF  CARD  INPUT.  TERMINATE  RUN. 

(NDEF-1)  3,3,62  C 

=  NDEF  -  I  900  ENDF1LE  1 

74  J=1,J1  REWIND  1 

=  J  ♦  1  WRITEI6.114)  LAST.KTREC 

74  K=J2,NDEF  114  FORMA T ( 1  HO , 5X , *END-OF-RUN.  NBR  OF  LAST  BOARD  ON  FILE  =  »I4,»  TOTAL 

(DULI J)-DLL(K) I  74,64,64  1  RECS  WRITTEN  ON  FILE  =»I5) 

(OLL(J)-DUL(KI )  66,66,74  CALL  EXIT 

(OUWt JI-DLWIK) )  74,68,68  END 

(DLWI JI-DUWIK) I  70,70,74 

ITEI6.72)  J, NUMBD.DLWI J  I , DLL ( J ) , DUW( J ) ,DUL (J) 

RMATI 1H0,10X,*DEFECT  CARD«I3,»  BOARD  NBR.*I4,«  HAS  OVERLAP*. 

2X,F5.0,2X,F5.0) ) 

NTINUE 
TO  3 

NTINUE 
LL    EXIT 
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Abstract 

A  dynamic  model  which  simulates  snowmelt  in  Colorado  sub- 
alpine  watersheds  for  all  combinations  of  aspect,  slope,  elevation, 
and  forest  cover  composition  and  density  is  described.  The  model 
simulates  winter  snow  accumulation,  the  energy  balance,  snowpack 
condition,  and  resultant  melt  in  time  and  space.  Detailed  flow 
chart  descriptions  of  the  various  components  of  the  model  and  a 
program  listing  are  presented. 

Keywords:  Computer  models,  coniferous  forests,  model  studies, 
simulation  analysis,  snowmelt,  watershed  manage- 
ment. 


US  DA  Forest  Service  February  197.3 

Research  Paper  RM-99 


COMPUTER  SIMULATION  OF 

SNOWMELT  WITHIN  A  COLORADO 

SUBALPINE  WATERSHED 


by 
Charles  F.  Leaf,  Hydraulic  Engineer 

and 
Glen  E.  Brink,  Computer  Programer 

Rocky  Mountain  Forest  and  Range  Experiment  Station 


'Central  headquarters  maintained  at  Fort  Collins  in  cooperation  with 
Colorado  State  University.  Research  reported  here  was  conducted  and  partly 
financed  in  cooperation  with  the  Division  of  Atmospheric  Water  Resources 
Management,  Bureau  of  Reclamation,  U.S.  Department  of  the  Interior. 


CONTENTS 


Page 


Program  Description 

Program  MELTMOD 

1.  Subroutine  AFFECTS.. 

2.  Subroutine  CALIN 

3.  Subroutine  CALOSS..., 

4.  Subroutine  DIFMOD... 

5.  Subroutine  GETREF... 

6.  Subroutine  LINK 

7.  Subroutine  MIXTURE 

8.  Subroutine  RADBAL.. 

9.  Subroutine  RAINED... 
10.  Subroutine  SNOWED. 
Unlisted  Routines 


1 
1 
2 
3 
3 
4 
6 
6 
7 
7 
8 
9 
9 


Model  Verification 10 

Literature  Cited 13 

Appendix  I:  Complete  Listing  of  Snowmelt  Model 14 


Computer  Simulation  of 

Snowmelt  Within  a  Colorado 

Subalpine  Watershed 

Charles  F.  Leaf  and  Glen  E.  Brink 


The  systems  approach  is  a  way  to 
determine  the  probable  effects  of  land 
management  on  the  many  interdependent 
hydrologic  components  in  the  Colorado 
subalpine  forest.  Accordingly,  we  are 
developing  mathematical  models  to  simulate 
the  hydrology  of  this  high-elevation 
ecosystem. 

As  a  first  step,  we  are  modeling:  (1) 
winter  snow  accumulation,  (2)  the  energy 
balance,  (3)  snowpack  condition,  and  (4) 
resultant  melt  in  time  and  space  under  a 
variety  of  conditions.  Combinations  of  aspect, 
slope,  elevation,  and  forest  cover  composition 
and  density  are  included.  The  computer 
program  described  was  initially  written  by  the 
Watershed  Systems  Development  Unit  at  the 
Pacific  Southwest  Forest  and  Range 
Experiment  Station  (Willen  et  al.  1971).  We 
have  revised  the  original  program  to  better 
represent  conditions  in  the  Rocky  Mountain 
region.  With  this  snowmelt  model,  we  have 
simulated  the  probable  effects  of  forest  cover 
manipulation  and  additions  to  the  winter 
snowpack  through  weather  modification. 

The  model  consists  of  three  parts:  (1)  the 
determination  of  the  form  of  precipitation  (rain 
or  snow),  (2)  the  melting  process,  and  (3) 
snowpack  condition  in  terms  of  energy  level 
and  free  water  requirements.  Shortwave  and 
longwave  radiation  represent  the  energy 
available  for  snowmelt.  In  the  forested 
environment,  shortwave  radiation  reaching 
the  pack  is  estimated  by  means  of  a  trans- 
missivity  coefficient  function,  which  depends 
on  the  density  and  composition  of  the  forest 
cover  (Miller  1959,  Reifsnyder  and  Lull  1965). 
Radiation  inputs  are  adjusted  for  slope  and 
aspect  (Frank  and  Lee  1966).  Reflectivity  of  the 
snowpack  is  varied  according  to  precipitation, 
the  energy  balance,  and  time  (U.S.  Army  1956). 

The  snowpack  is  assumed  to  behave  as  a 
dynamic  heat  reservoir;  thus  all  elements  in 
the  snowmelt  portion  of  the  model  are 
expressed  in  units  of  heat.  The  net  external 
energy    balance    is    computed    at    the    snow 


surface.  Rain  and  snow  are  converted  from 
inches  at  the  prevailing  air  temperature  to 
equivalent  gram-calories.  Each  precipitation 
event  is  added  algebraically  as  a  caloric-heat 
event  to  develop  the  heat  reservoir  or 
snowpack.  Temperatures  within  the  snowpack 
are  computed  using  unsteady  heat  flow  theory. 
The  snowpack  will  yield  melt  water  only  when 
it  has  reached  a  zero  energy  deficit  (snowpack 
temperature  =  0°C  )  and  its  free  water  holding 
capacity  is  satisfied.  Snowmelt  rates  after  the 
pack  is  primed  are  governed  primarily  by  the 
longwave  and  shortwave  energy  balances  at 
the  snow  surface.  The  discussion  which 
follows  is  a  detailed  flow  chart  description  of 
the  various  components  of  the  model.  The 
model  has  been  programed  for  the  CDC  6100 
computer2  at  Colorado  State  University. 


Program  Description 

Program  MELTMOD   (Main  Program) 

The  main  program  (fig.  1)  makes  no 
computations,  but  serves  only  to  coordinate 
the  flow  of  the  program.  Within  the  listing  of 
the  main  program  is  included  a  dictionary  of 
all  variables  that  are  available  for  use  and 
cross  referencing  by  the  subroutines  as  well  as 
the  main  program.  (This  allocation  of 
computer  memory  for  mutual  access  by  many 
routines  is  designated  "blank  common.") 
Other  dictionaries  appear  throughout  the 
subroutines  for  variables  used  exclusively 
within  those  routines.  Blank  common  is 
arranged  so  that  additional  variables  may  be 
added  easily;  by  using  a  very  extensive  blank 
common,  the  routines  were  broken  down  into 
simpler  logical  units  rather  than  one  or  two 


The  use  of  trade  and  company  names  is  for  the 
benefit  of  the  reader;  such  use  does  not  constitute  an 
official  endorsement  or  approval  of  any  service  or 
product  by  the  I'.  S.  Department  of  Agriculture  to  the 
exclusion  of  others  that  may  he  suitable. 
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large     routines.     The     model     contains     10 
subroutines,  discussed  in  the  following  order: 


1.  AFFECTS 

2.  CALIN 

3.  CALOSS 

4.  DIFMOD 

5.  GETREF 


6.  LINK 

7.  MIXTURE 

8.  RADBAL 

9.  RAINED 
10.  SNOWED 


The  parameters  which  describe  the 
initial  conditions  in  the  model  are  solar 
radiation  transmissivity  coefficient,  forest 
cover  density,  an  initial  pack  temperature  and 
water  equivalent,  and  a  threshold  value  for  use 
in  the  reflectivity  subroutine,  GETREF.  The 
data  items  supplied  on  a  daily  basis  for  the 
simulation  are  incoming  shortwave  radiation, 
daily  maximum  and  minimum  temperatures, 
observed  water  equivalent  (optional), 
precipitation,  and  density  of  the  snowpack 
(optional).  Observed  snowpack  temperatures 
for  use  by  the  diffusion  model,  subroutine 
DIFMOD,  are  also  optional,  but  recommended. 


1.  Subroutine  AFFECTS  (fig.  2) 

The  decisions  necessary  to  compute  tr 
response  to  input  data  are  started  within  th 
routine  and  continued  in  other  routines.  Tr 
primary  decision  to  be  made  here  is  the  classii 
cation  of  a  precipitation  event.  An  event 
classified  as  follows: 

a.  If  the  daily  minimum  temperature  is  lee 
than  or  equal  to  32°  F  ,  or  if  the  daily  max 
mum  temperature  is  less  than  or  equal  1 
35°  F  ,  it  is  a  snow  event. 

b.  If  the  minimum  temperature  is  greater  tha 
35°  F  ,  it  is  a  rain  event. 

c.  If  the  minimum  temperature  is  betwee 
32°  F  and  35°  F,  and  the  maximum 
temperature  is  greater  than  35°  F  ,  it 

a  mixture  of  rain  and  snow  event.  The  tot, 
precipitation  is  partitioned  into  rain  an 
snow  by  the  formula  presented  in  subroutir 
MIXTURE. 

The     precipitation     is     added    to    th 
snowpack,  and  the  caloric  input  or  loss  due 
the  precipitation  is  calculated.  Effects  on  th 
snowpack     are     computed     by     subroutine 
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Figure  1: 


CALIN  or  CALOSS.  Subroutines  GETREF 
and  RADBAL  are  then  called  to  compute  the 
reflectivity  of  the  pack,  and  the  influences  of 
the  radiation  balance  as  computed  from  air 
temperature. 

2.  Subroutine  CALIN  (fig.  3) 

This  routine  computes  the  effects  of 
caloric  input  from  either  the  radiation  balance 
or  from  rainfall.  A  check  is  made  to  see  if  the 
input  satisfies  an  exisiting  calorie  deficit, 
given  by  the  equation 


CALDEF  =  203.2  \V 


[1] 


where 


CALDEF  =  heat  deficit  of  thesnowpack  in 
calories,  and 

Wc  =  the  "cold  content"  which  repre- 
sents the  heat  required  to  raise 
the  snowpack  to  0°  C  ,  in 
equivalent  inches  of  water  (U.S. 
Army  1960). 
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Figure  3. 
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If  the  input  energy  is  not  sufficient  to 
make  up  the  heat  deficit,  the  only  action  taken 
is  to  adjust  the  pack  temperature  to 
compensate  for  the  input.  If  the  calorie  deficit 
is  satisfied  and  there  is  still  sufficient  input  to 
generate  melt,  the  melt  is  added  to  the  free 
water  content  of  the  snowpack  and  deleted 
from  the  ice  content.  A  new  free  water  holding 
capacity  is  then  computed  (4  percent  by  weight 
of  the  ice  content)  and  any  excess  free  water  is 
deleted  from  the  pack. 


3.  Subroutine  CALOSS  (fig.  4) 

This  routine  computes  the  effects  of  a 
loss  of  energy  from  the  pack.  The  loss  may  be 
due  to  either  a  negative  radiation  balance  (the 
back  radiation  exceeding  incoming  radiation)- 
or  "cold  content"  added  by  precipitation  (fresh 
snow).  The  snowpack  is  first  examined  to  see  if 
any  free  water  is  present  in  the  pack;  if  not,  the 
calorie  deficit  is  increased  to  compensate  for 
the  loss.  If  free  water  is  present,  the  loss  is  used 
to  freeze  all  or  part  of  it  (80  calories  per  cm.  of 
free  water).  If  the  loss  is  more  than  sufficient  to 
freeze  all  of  the  free  water  the  remaining  heat 
loss  is  used  to  create  a  calorie  deficit  (eq.  1). 


Figure  4. 
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4.  Subroutine  DIFMOD  (fig.  5) 

This  routine  controls  the  snowpack 
temperature  through  the  winter  months. 
Because  the  snowpack  is  typically  below  0°  C 
during  much  of  the  snow  accumulation  season, 
heat  flow  theory  is  used  to  index  its  thermal 
regime. 

Total  heat  energy  input  to  the  snowpack 
is  represented  by  air  temperature  measured  3 
to  4  feet  above  the  snow  surface.  The 
temperature  in  this  boundary  layer  region  is 
assumed  to  be  an  integration  of  all  the 
processes  involved,  including  incoming  and 
outgoing  radiation,  wind,  temperature,  and 
humidity  in  the  overlying  airmass.  The  heat 
flow  equation  as  solved  by  this  routine  is  given 
by  Quick  (1967)  and  Riley  et  al.  (1969): 


32Ts 


=    csp 


3Ts 


sKs    3t 


[21 


where 


ks  =  thermal  conductivity  in  cal/°C/cm/sec, 
cs  =  specific  heat  in  cal/gm/°C, 
Ps  =  snowpack  density  in  gm/cm3 
Ts  =  snowpack  temperature  in  °C  , 

z  =  depth  within  snowpack  (from  surface) 
in  cm.,  and 

t  =  time  in  sec. 


Equation  [2]  can  be  rewritten  as: 

3Ts 


32Ts 


Ki 


3t 


[31 


where 

Kv  =  thermal  diffusivity  in  cm'Vsec. 

The  thermal  diffusivity  is  assumed  to  vary 
with  density  according  to  the  relation  proposed 
by  Schwerdtfeger  (1963): 


2   k. 


(3Pi   -   Ps)ci 


[4] 


where 


k^  =  thermal  conductivity  of  ice  in 

cal/°C/cm/sec, 
Pi  =  density  of  ice  in  gm/cm3,  and 
c  i  =  specific  heat  of  ice  in  cal/gm/°C. 
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The  density  is  assumed  to  be  constar 
throughout  the  pack,  although  it  may  var 
with  time. 

A  finite  difference  solution  for  equatio 
[3]  is  obtained  as  follows  (Smith  196. 
Richtmyer  and  Morton  1967): 

Let 


3u 
3t 


=   a 


3zu 
ix^ 


a  =   const.    >0 


!■ 


where  equation  [5]  is  the  nondimensional  for: 
of  equation  [3].  (It  should  be  noted  that  tr 
number  representing  the  depth  of  the  pack 
1.) 

The  forward  difference  approximatic 
to  equation  [5]  is  given  by 

[I 
u.     ...    -u.     .         u.,..     .  -  2u.     .  +  u. 


m 


b1 


i-1, 


where 


x  =  ih,  (i  =  0,  1,  2,  .  .  .) 
t   =  jm  (j  =  0,  1,  2,  .  .  .) 


Equation  [6]  can  be  written  as: 

[7] 

u.     .,,  =u.     .  +  mK    (u.    ,     .-2u.     ,+u.,n     .) 
i,J+l        i,J         v      1-1, J         1,3       i+l, J 


which  gives  the  explicit  solution  for  the 
unknown  temperature  uij+i  at  the  (ij+1)  th 
mesh  point  in  terms  of  known  temperatures 
along  the  j  th  time  row.  Hence,  it  becomes 
possible  to  calculate  the  unknown  pivotal 
values  of  u  along  the  first  time  row,  t  =  m(fig.  6) 
in  terms  of  known  boundary  and  initial  values 
along  t  =  0,  then  the  unknown  pivotal  values 
along  the  second  time  row  in  terms  of  the 
calculated  pivotal  values  along  the  first,  and  so 
forth. 

Equation  [7]  utilizes  the  average  air 
temperature  (assumed  to  be  the  temperature  of 
the  surface  of  the  snowpack),  ground 
temperature,  and  temperature  at  the  midpoint 
of  the  snowpack  during  the  previous  interval  to 


simulate  present  snowpack  temperature.  The 
midpoint  temperature  is  defined  initially  from 
observed  data  and  simulated  thereafter.  The 
diffusion  model  has  been  found  to  be  mathe- 
matically stable  only  for  reasonably  deep 
packs  (>4.7  inches  of  water  equivalent).  To 
insure  stability  in  the  model,  each  24-hour 
period  is  divided  into  two  1 2-hour  intervals  and 
the  result  is  averaged.  The  average  air 
temperatures  for  each  12-hour  interval  are  the 
"high  average"  (the  mean  of  the  maximum 
and  daily  mean  temperatures)  and  the  "low 
average"  (the  mean  of  the  minimum  and  daily 
mean  temperatures.) 

Once  the  snowpack  becomes  isothermal, 
subroutine  RADBAL  computes  the  energy 
balance.  Subroutine  LINK  determines  when 
the  diffusion  model  is  to  be  used  and  when  the 
radiation  balance  is  to  be  used.  The  diffusion 
model  may  be  initialized  or  readied  by  external 
controls  or  when  the  radiation  balance  creates 
a  calorie  deficit. 
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Figure  6. 
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5.  Subroutine  GETREF  (fig.  7) 

This  routine  selects  the  reflectivity  for 
use  in  the  radiation  balance  routine,  RADBAL. 
In  essence,  there  are  two  functions  from  which 
the  reflectivity  is  selected:  one  for  the 
accumulation  phase  of  the  snowpack  and  one 
for  the  melt  phase  (U.S.  Army  1960).  The 
reflectivity  is  assumed  to  start  at  a  higher 
value  and  to  decrease  more  slowly  with  time 
during  accumulation  than  during  the  melt 
season.  To  determine  which  function  to  use,  a 
check  is  made  on  the  following  conditions: 

a.  If  no  new  snow  was  added  to  the  pack  dur- 
ing a  given  day,  the  length  of  time  since 
fresh  snow  is  increased  by  1  day  and  the 
function  used  on  the  previous  day  is  used 
again.  The  accumulation  function  computes 
reflectivity  for  15  consecutive  days.  After  15 
days,  control  shifts  to  the  next  lower  value 
in  the  melt  function,  which  computes  reflec- 
tivity for  an  additional  26  days.  After  this 
period  of  time,  the  reflectivity  is  a  constant 
40  percent.  The  minimum  value  for  the  re- 
flectivity in  any  case  is  assumed  to  be 
40  percent. 

b.  If  new  snow  has  fallen  on  the  pack,  a  further 
check  is  made  to  see  if  it  was  a  "spring"  or 
"winter"  snow.  This  is  determined  by  com- 
paring the  maximum  daily  temperature 
against  a  temperature  threshold  which 
varies  according  to  elevation,  forest  cover, 
and  aspect.  If  it  is  warmer  than  the  thresh- 
old, no  change  is  made  and  the  control 
flows  as  explained  in  part  a.  If  it  is  colder, 
indicating  "winter"  snow  conditions,  a- 
nother  check  determines  if  the  snowpack 
is  isothermal  and  thus  selects  which  func- 
tion to  use  while  re-initializing  the  day 
counter. 


6.  Subroutine  LINK  (fig.  8) 

This  routine  is  the  interface  between  the 
thermal  diffusivity  model  and  the  radiation 
balance  routine.  As  discussed  above,  the 
diffusion  model  is  used  to  control  the  snowpack 
temperature  during  the  winter  season.  Air 
temperature  is  the  driving  variable  in  both 
routines,  so  they  are  somewhat  related.  The 
decision  as  to  which  method  to  use  is  basically 
dependent  on  whether  the  snowpack  is  still 
under     "winter"     conditions     or     "spring" 
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conditions.  The  first  check  is  to  see  if  th< 
radiation  balance  has  simulated  a  caloric  gain 
or  loss  from  the  pack.  A  loss  requires  a  check  to 
see  if  the  pack  has  been  isothermal  with  fre( 
water  content  ("spring")  or  if  it  has  been  cole 
("winter").  If  it  was  already  cold,  the  diffusior 
model  is  used  without  further  question.  If  tht 
pack  did  contain  free  water,  the  loss  is  used  t( 
freeze  it  and,  if  a  calorie  deficit  would  be 
created,  the  diffusion  model  is  re-initialized  tc 
isothermal  conditions  and  the  radiatior 
balance  is  adjusted  accordingly.  In  the  event  o: 
a  caloric  gain,  a  check  is  made  to  see  if  th( 
calorie  deficit  would  be  satisfied;  if  not,  the 
diffusion  model  is  used.  If  the  deficit  is 
satisfied,  a  further  check  is  made  to  see  if  ai 
least  0.05  inch  of  free  water  is  generated;  if  not 
the  diffusion  model  is  set  to  isotherma 
conditions  and  control  passes  to  the  diffusior 
model.  However,  if  sufficient  free  water  is 
generated,  the  diffusion  model  is  turned  of: 
and  the  radiation  balance  resumes  full  control. 
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Figure  8. 
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7.  Subroutine  MIXTURE   (fig.  9) 

This  routine  partitions  rain  and  snow 
precipitation  components  which  fall  on  days 
when  the  maximum  temperature  is  greater 
than  35°  F  and  the  minimum  temperature  is 
greater  than  32°  F  ,  but  less  than  35°  F.  The 
partitioning  is  performed  through  the 
following  equation: 


SNOW  =  (PRECIP)  (1  -  B/A) 


[8] 


where 


the 


B  =  the   difference   between 
temperature  and  35°, 

A  =  the  difference   between   the 
and  minimum  temperatures. 


maximum 


maximum 


The  "average"  temperature  for  the  snow  period 

1  is  computed  as  the  mean   of  the  minimum 

temperature  and  35°,  while  that  for  rain  is  the 

mean  for  the  maximum  and  35°.  Control  then 


passes  to  the  subroutines  that  make  the 
computations  for  a  snow  event  and  a  rain 
event. 
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8.  Subroutine  RADBAL  (fig.  10) 

This  routine  uses  air  temperature  to 
compute  the  net  radiation  balance  through  the 
Stefan-Boltzmann  function  as  follows: 


lp  =  or 


I'M 


where 
Lp  = 


potential  longwave  radiation  at  a 
given  temperature, 
Stefan-Boltzmann  constant  for  a 
24-hour  period: 

1.17  x  10  -7  (langleys)/(day)/(°K)  -', 
temperature  in  °K. 


and 


The  shortwave  radiation  component  in  the 
radiation  balance  is  computed  as  a  simple 
function  of  the  transmissivity  coefficient  and 


the  cover  density.  Solar  radiation  is  adjusted 
for  slope  and  aspect,  according  to  tables 
published  by  Frank  and  Lee  (1966).  The 
downward  longwave  component  is  computed 
by  using  the  average  air  temperature  in  the 
Stefan-Boltzmann  function  according  to  the 
equations: 


From  sky  to  snow: 


-7. 


[10] 


Lg   =  a(l   -   CD)(1.17   x   10      )(TA,+  ) 

where 

Cn=  forest    cover    density    expressed    as    a 


I) 


decimal, 


T  a  =  ambient  air  temperature  in  °K,  and 

a  =  a  factor  (1  or  0.75)  which  accounts  for 
clear  or  cloudy  skies. 


From  forest  cover  to  snow: 

LF  =   1.17  x  10-7CDTF" 


[11] 


where 
Tp=  radiation  temperature  of  foliage  in  °K. 


C      RAOBAl       J 


Figure  10. 
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The  upward  component  (back  radiation)  ii 
computed  by  using  either  the  average  daily  ai: 
temperature  ("winter"  conditions)  or  th< 
minimum  air  temperature  ("spring' 
conditions)  for  the  radiation  temperature  of  the- 
snowpack.  In  the  case  of  the  back  radiation 
however,  the  temperature  used  must  be  less 
than  or  equal  to  0°  C.  The  equations  used  are 


From  snowpack  to  forest: 


Lg,  -   1.17  x  10-7CDTS" 


[12; 


where 


To  =  radiation  temperature  of  the  snowpack  ir. 
°K. 


From  snowpack  to  sky: 


[13] 


-7. 


Lss   =     (1     ■   CD)(1.17   x   10    'MTg4) 


Once  the  upward  and  downward! 
components  have  been  calculated,  they  are^ 
combined  to  get  a  net  longwave  balance  as; 
follows:  if  the  skies  are  clear  (no  precipitation), 
only  75  percent  of  the  downward  longwave 
radiation  given  by  equation  [10]  is  combined 
with  the  back  radiation  from  the  snowpack 
(U.S.  Army  1960).  The  radiation  balance  under 
the  forest  canopy  is  computed  by  equations  [11] 
and  [12].  During  "winter"  conditions,  Tp  =  Tg 
and  Lf=  Lgjr.  If  there  was  precipitation,  a 
check  is  made  to  see  if  it  was  snow.  When  there 
is  snow,  the  longwave  balance  is  assumed  to  be 
zero.  Otherwise,  under  cloudy  skies,  the 
downward  component  and  the  back  radiation 
are  merely  combined  algebraically. 

Once  the  net  radiation  is  computed,  the 
decision  is  made  by  the  linking  routine  to  use 
either  the  diffusion  model  or  the  radiation 
balance.  The  effects  of  the  decision  are  then 
computed  by  either  Subroutine  CALIN  or 
Subroutine  CALOSS,  depending  upon  the  net 
gain  or  loss  registered  by  the  radiation 
balance. 


9.  Subroutine  RAINED  (fig.  11) 

This  routine  computes  the  effects  of  a 
rain  event  on  the  snowpack  according  to  the 
equation: 


Jw 


(CR) (AT) (PR) 


[14] 


L^  =  calorie  gain  due  to  rainfall 

Cr  =  specific  heat  of  water:  1  cal./gm/°  C  , 

A  T   =  difference  between  temperature  (°C  ) 

at  which  rain  falls  and  0°  C  ,  and 
PD   =  amount  of  rainfall  in  centimeters. 

If  the  pack  is  cold,  the  caloric  input  from 
the  rain  is  used  to  satisfy  all  or  part  of  the 
calorie  deficit.  If  the  input  more  than  satisfies 
the  deficit,  the  remainder  is  contributed  as  free 
water  and  the  caloric  input  from  that 
remaining  is  allowed  to  generate  other  melt.  If 
the  pack  was  already  isothermal,  the  entire 
amount  of  rain  is  added  to  the  pack  as  free 
water,  and  the  calories  contribute  to  the  melt 
rate. 


Figure  11. 
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10.  Subroutine  SNOWED  (fig.  12) 

This  routine  computes  the  effects  of  a 
snow  event  on  the  snowpack  according  to  the 
equation 


S  ■  «y(AT)<ps) 


where 

L  j   =  calorie  gain  or  loss  due  to  snowfall, 

C  c  =  specific  heat  of  ice:  0.5  cal./gm/°  C  , 

A  T  -  difference  between  temperature  (°  C  ) 
at  which  snow  falls  and  0°  C  ,  and 

Pg  =  water  equivalent  of  snowfall  in  centi- 
meters. 

If  the  snow  falls  within  the  "warm" 
range  of  32°  to  35°  F  ,  no  action  is  taken 
concerning  the  caloric  loss.  However,  snow 
falling  at  lower  temperatures  increases  the 
calorie  deficit,  and  this  change  is  accounted 
for. 


C     SNOWED J 


Figure  12. 


ADD  SNOW  TO 
ICE  CONTENT  AND 
GET  HOLD  CAP 


COLD 


NO 


YES 


COMPUTE  EFFECTS 
OF  SNOW'S  "COLD 
CONTENT"  ON  PACK 


<: 


RETURN 


J 


[15] 


Unlisted  Routines 

The  routines  listed  below  are  not 
included  in  the  flow-charted  descriptions  since 
they  are  merely  utility  routines  for  handling 
input,  output,  or  internal  processing  of  the 
information.  They  are  not  part  of  the  model; 
rather,  they  are  the  necessary  routines  to 
implement  the  model  on  a  digital  computer. 

INITIAL  RDPACK         STORK 

PLOTTER        READER        WRITER 

A  complete  listing  of  the  snowmelt  model  as 
described  above  is  included  in  appendix  !. 


Model   Verification 

The  model  has  been  tested  on  field  data 
obtained  from  the  667-acre  Deadhorse  Creek 
watershed  (fig.  13)  at  the  Fraser  Experimental 
Forest  (Leaf  1971).  Snowmelt  rates  at  eight 
locations  on  Deadhorse  Creek  were  re- 
constituted (fig.  14).  Agreement  between 
observed  and  simulated  melt  rates  was  good  at 
all  locations.  The  model  is  structured  so  that  a 
minimum  number  of  variables  must  be  ad- 
justed to  obtain  a  satisfactory  fit.  In  this  case, 
only  two  variables  were  adjusted  to  obtain 
satisfactory  agreement:  (1)  cover  density  (a 
vegetation  type  and  composition  parameter), 
and  (2)  a  shortwave  radiation  transmissivity 
coefficient.  Figure  15  compares  observed  and 
simulated  snowpack  accumulation  and  melt  at 
the  high-elevation  north  slope  and  low- 
elevation  south  slope  sites  on  Deadhorse  Creek 
in  1969.  Table  1  is  an  example  of  the  computer 
output. 


With  the  cover  density  and  trans- 
missivity coefficients  fixed  as  determined  in 
1969,  the  model  has  given  good  results  in 
simulating  snowmelt  on  Deadhorse  Creek  for 
the  1964-71  runoff  seasons.  Although  it  is  a 
simplification  of  the  real  life  system,  the  model 
produces  reliable  results. 

Empirical  studies  have  shown  that 
various  watershed  management  practices 
exert  a  significant  effect  on  snowmelt  rates 
and  resultant  streamflow.  Because  the  model 
described  here  is  a  mechanistic  representation 
of  the  snowmelt  process,  its  careful  use  should 
enable  the  resource  manager  to  better  under- 
stand how  a  given  management  alternative 
will  affect  snowmelt  before  it  is  implemented. 
We  believe  it  to  be  a  useful  tool  for  predicting 
the  probable  effects  of  land  management 
practices  on  the  timing  and  amount  of 
snowmelt. 


\W-  h 


***<;& 


Figure  13.  —  Aerial  view 
(foreground)  of  Deadhorse 
Creek  watershed,  Fraser 
Experiment  Forest.  The 
north-facing  slope  is  in  the 
lower  lefthand  corner  of 
the  photograph. 
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DEADHORSE  CREEK 
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1/4  1/2 

Miles 

Figure  14.  — Locations  where  field  measurements  were  taken  on  Deadhorse  Creek. 
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Figure  15.  —  Observed  and  simulated  snowmelt  on  upper  north  (A)  and  lower  south  (B) 
slopes  during  1969  snowmelt  runoff  season. 
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TABLE  1 

SNOWMELT  RUNOFF  SIMULATION  MODEL 

FRASER  EXPERIMENTAL  FOREST,  COLOPAOO 

DEADHORSE  CREEK,  UPPER  NORTH  SLOPE 


TRANSMISSIVITY    COEFFICIENT 

=      . 

25 

:OVEP  DENSITY 

3ATE 

TEMPERATURE 
MAX           MIN 

(F) 
AVI 

PRECIP 

DAY 

(IN) 
ACCUM 

NET   RAD 
SHORT 

(CAL) 
LONG 

ENERGY 
BAL    (CAL) 

SNOWPACK 
TEMP   (C) 

PREDICTED 

W.E.    (IN) 

4 

7 

30.0 

12.0 

21.0 

0.11 

13.45 

8.  ! 

-7.3 

0.1 

-1.0 

13.45 

4 

8 

69 

32.0 

13.0 

22.5 

0.00 

13.45 

13.5 

-18.0 

-4.5 

-1.3 

13.45 

l 

) 

69 

36.0 

18.0 

27.0 

0.00 

13.45 

29.4 

-49.5 

-20.1 

-2.4 

13.45 

4 

10 

i  9 

40.0 

23.0 

31.5 

0.00 

13.45 

30.7 

-21.3 

9.5 

-1.9 

13.45 

I 

11 

69 

45.0 

27.0 

36.0 

0.00 

13.45 

25.7 

-20.6 

5.1 

-1.6 

]■',.■]' 

4 

12 

69 

34.0 

25.0 

29.5 

.29 

13.74 

8.9 

-5.6 

2.8 

-1.4 

13.74 

4 

13 

69 

33.0 

23.0 

28.0 

0.00 

13.74 

28.4 

-.'.'.4 

6.1 

-1.0 

13.74 

4 

14 

69 

36.0 

22.0 

29.0 

0.00 

13.74 

31.4 

-30.8 

.6 

-1.0 

13.74 

4 

10 

69 

40.0 

20.0 

30.0 

.76 

14.50 

24.2 

-30.8 

-7.7 

-1.4 

14.50 

4 

16 

69 

28.0 

15.0 

21.5 

.11 

14.61 

3.1 

-.7 

1.5 

-1.3 

14.61 

4 

1? 

69 

32.0 

15.0 

23.5 

0.00 

14.61 

22.9 

-22.4 

.6 

-1.3 

14.61 

4 

18 

69 

40.0 

16.0 

28.0 

0.00 

14.61 

23.7 

-24.7 

-1  .0 

-1.3 

14.61 

4 

19 

69 

44.0 

22.0 

33.0 

0.00 

14.61 

34.3 

-32.0 

2.3 

-1.2 

14.61 

4 

20 

69 

47.0 

17.0 

32.0 

0.00 

14.61 

38.6 

-36.6 

2.0 

-1.1 

14.61 

4 

21 

6  • 

53.0 

30.0 

41.5 

0.00 

14.61 

40.3 

-38.0 

2.4 

-1.0 

14.61 

4 

22 

69 

45.0 

33.0 

39.0 

0.00 

14.61 

34.1 

-22.5 

11.6 

-.3 

14.61 

4 

23 

69 

55.0 

32.0 

43.5 

.52 

15.13 

37.4 

-31.1 

6.2 

0.0 

15.13 

4 

24 

69 

52.0 

24.0 

38.0 

0.00 

15.13 

45.7 

-1.0 

44.7 

0.0 

15.13 

4 

25 

69 

24.0 

'. 

16.5 

0.00 

15.13 

36.5 

-27.4 

9.1 

0.0 

15.13 

4 

26 

69 

20.0 

8.0 

14.0 

.  14 

15.27 

16.9 

0.0 

15.1 

0.0 

15.27 

4 

27 

69 

27.0 

8 .  i ) 

17.5 

0.  00 

15.27 

33.0 

-18.5 

14.5 

0.0 

15.27 

4 

28 

38.0 

15.0 

26.  5 

0.00 

15.27 

45.0 

-11.2 

33.7 

n.n 

15.27 

4 

29 

i   > 

42.0 

22.0 

32.0 

0.00 

15.27 

48.3 

-19.8 

28.5 

0.0 

15.13 

t 

30 

i.'i 

47.0 

26.0 

36.5 

0.00 

15.27 

56.6 

-18.5 

38.1 

O.n 

14.94 

ELEVATION 

0500  FT. 

.55 
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Appendix  I:  Complete  Listing  of  Snowmelt  Model 


Program  MELTMOD 

PROGRAM  MELTMOO  I  I NPUT .OUTPUT , T APE5  = I NPUT , T APE6=0UT PUT ) 
---THIS  IS  A  REWRITTEN  VERSION  OF  -SNMELT-,  A  SNOW  ACCUMULATION  MOuEL 

—  DEVELOPED  BY  THE  U.  S.  FOREST  SERVICE  AT  BERKELEY.   THE  RADIATION 

—  BALANCE.  AS  DERIVED  FROM  AIR  TEMPERATURE,  SERVES  AS  THE  MODEL 
PARAMETERS  AND  CHARACTERISTICS. 

—  DICTIONARY  OF  BLANK  COMMON 

ACTDATE  -  THE  DATE  OF  THE  RECORDING  OF  THE  VALUES  IN  -ACTUAL- 
ACTUAL  -  THE  OBSERVED  SNOWPACK  TEMPERATURES  USED  TO  INITIALIZE  THE 
DIFFUSION  MODEL  (SUBROUTINE  DIFMODI.   LOCATIONS  1 
THROUGH  19  ARE  THE  OBSERVED  TEMPERATURES  AND  LOCATION 
20  IS  THE  GROUND  TEMPERATURE  (-XX. X  DEGREES  C). 
LOCATION  21  IS  THE  DISTANCE  BETWEEN  THE  MEASURED 
SNOWPACK  TEMPERATURES  (XX. X  INCHES  -  USUALLY  b     IN.) 
AVETEMC  -  THE  DEGREES  CENTIGRADE  EOUIVALENT  OF  -AVETEMF- 
AVETEMF  -  MEAN  OR  AVERAGE  OF  THE  MAXIMUM  AND  MINIMUM  TEMPERATURE 

IN  DEGREES  FARENHEIT 
BASTEMF  -  BASE  TEMPERATURE  DEGREES  FARENHEIT,  RAIN  TURNS  TO  SNOW 
CALAIR  -  POTENTIAL  LONGWAVE  CALORIC  INPUT  AT  AIR  TEMPERATURE 
CALDEF  -  THE  CALORIE  DEFICIT  IS  THE  NUMBER  OF  CALORIES  NEEDED 
TO  BRING  THE  SNOWPACK  TEMPERATURE  TO  ZERO  DEGREES 
CENTIGRADE  (NOTE  SHOULD  BE  MADE  THAT  IT  IS  A  POSITIVE 
OUANTITY) 
CALORIE  -  CALORIES  OF  HEAT  ABSORBED  OR  RELEASED  BY  THE  SNOWPACK 

FROM  THE  NET  RADIATION  BALANCE 
CALSNOW  -  POTENTIAL  LONGWAVE  CALORIC  LOSS  AT  SNOW  TEMPERATURE 
COVDEN  -  THE  COVER  DENSITY  IS  THE  FRACTION  OF  THE  GROUND  OR  SNOW 

SURFACE  SHADED  FROM  DIRECT  SUNLIGHT  OR  RADIATION 
DATE  -  THE  DATE  BEING  PROCESSED  IN  MMDDYY  FORMAT 
DATES  -  AN  ARRAY  OF  THE  DATE  BEING  PROCESSED.   THE  FIRST  WORD  IS 

THE  MONTH,  THE  SECOND  THE  DAY,  AND  THE  THIRD  THE  YEAR 
DEN  -  THE  SNOWPACK  DENSITY  READ  FROM  INPUT  CARDS 

DENSITY  -  THE  DENSITY  OF  THE  SNOWPACK  USED  IN  THE  DIFFUSION  MODEL. 
IF  -DEN-  IS  ZERO  OR  BLANK,  -DENSITY-  IS  COMPUTED  AS  A 
FUNCTION  OF  THE  PREDICTED  WATER  EOUIVALENT 
DREADY  =  0,  DIFFUSION  MODEL  (SUBROUTINE  DIFMODI  NOT  INITIALIZED 
=  1,  OIFFUSION  MODEL  INITIALIZED  AND  READY  FOR  SNOWPACK 
TEMPERATURE  SIMULATION 
ENGBAL  -  THE  TOTAL  CALORIC  INPUT  TO  OR  LOSS  FROM  THE  SNOWPACK 

DURING  AN  INTERVAL.   IT  IS  THE  ALGEBRAIC  SUM  OF  THE 
ENERGY  INVOLVED  WITH  THE  PRECIPITATION  AND  THAT  OF 
THE  RADIATION  BALANCE,  -  CALORIE- 
FOOTNOT  -  ARRAY  OF  FOOTNOTES  TO  BE  PRINTED  AT  THE  BOTTOM  OF  EACH 
PAGE.   TWO  CARDS  ARE  READ,  THE  FIRST  130  CHARACTERS 
FORMING  ONE  LINE  AND  THE  LAST  30  CHARACTERS  FORMING  A 
SECOND  LINE 
FREEWAT  -  THE  FREE  WATER  BEING  HELD  BY  THE  SNOWPACK 
HOLDCAP  -  THE  FREE  WATER  HOLDING  CAPACITY  OF  THE  SNOWPACK 

(ASSUMED  TO  BE  FOUR  PERCENT  OF  THE  WATER  EQUIVLAENTI 
IDATE  -  ARRAY  FOR  STORING  THE  DATES  FOR  PLOTTING 

1SN0W  -  A  SWITCH  TURNED  ON  BY  SUBROUTINE  SNOWED  WHEN  THE  PRECIP 
WAS  SNOW  AND  THEN  OFF  BY  SUBROUTINE  GETREF  AFTER 
COMPUTING  THE  REFLECTIVITY  FOR  THE  GIVEN  INTERVAL 
ITABLE  =  0,  NO  PRINTING  OF  TABULATED  RESULTS  FROM  THE  SIMULATION 

=  1,  PRINT  THE  TABULATED  RESULTS  FROM  THE  SIMULATION 
KOUNT  -  COUNTER  FOR  THE  NUMBER  OF  CARDS  READ,  MAXIMUM  OF  372  DUE 
TO  THE  DIMENSIONS  OF  THE  VARIABLES  FOR  STORING  THE 
INFORMATION  FOR  PLOTTING 
LASTUSO  -  AN  INDICATOR  USED  IN  SUBROUTINE  GETREF  TO  DETERMINE 

WHICH  REFLECTIVITY  FUNCTION  TO  USE 
LINES  -  THE  LINE  COUNTER  FOR  PAGE  EJECTION 
NEXTACT  -  A  ONE  COLUMN  CODE  (COL  701  ON  THE  INPUT  CARDS  TO 

INDICATE  WHEN  A  CARD  CONTAINING  THE  ACTUAL  SNOWPACK 
TEMPERATURES  IS  TO  BE  READ.   WHEN  COLUMN  70  IS  NOT 
BLANK  OR  ZERO,  CONTROL  SHIFTS  TO  SUBROUTINE  RDPACK 
WHICH  THEN  READS  THE  NEXT  CARD 
OBSWEOV  -  OBSERVED  WATER  EOUIVALENT  OF  THE  SNOWPACK  IN  INCHES 
PACKTEM  -  THE  EFFECTIVE  TEMPERATURE  OF  THE  SNOWPACK 
PART1CE  -  THE  PORTION  OF  THE  PREDICTED  WATER  EQUIVALENT  THAT  IS 
ICE.   THIS  OUANTITY  PLUS  FREE  WATER  IS  THE  TOTAL 
PREDICTED  WATER  EOUIVALENT  (-PREWEQV-I 
PASTINT  -  NUMBER  OF  INTERVALS  SINCE  THE  LAST  INITIALIZATION  OF  THE 
C  REFLECTIVITY  FUNCTION 

C      PLOTOBS  =  0,  DO  NOT  PLOT  THE  OBSERVED  WATER  EQUIVALENT 
C  1,  PLOT  THE  OBSERVED  WATER  EOUIVALENT  (OPERATIVE  ONLY  IF 

C  -PLOTWE-  IS  TURNED  ONI 

C      PLOTWE  =  0,  DO  NOT  PLOT  THE  SIMULATION 
C  =1,  PLOT  THE  SIMULATION,  PRECIP,  ETC. 

f       PRECIP  -  OBSERVED  PRECIPITATION  IN  INCHES 

C       PREWEQV  -  PREDICTED  WATER  EQUIVALENT  OF  THE  SNOWPACK  IN  INCHES 
C      RADIN  -  RADIATION  IN  IS  THE  TOTAL  INCIDENT  SHORT  WAVE  RADIATION 
C      RADLWN  -  NET  LONG  WAVE  RADIATION  IS  THE  ALGEBRAIC  SUM  OF  THE  LONG 
C  WAVE  RADIATION  FROM  THE  FOREST  AND  THE  LONG  WAVE 

RADIATION  LOST  BY  THE  SNOWPACK  TO  THE  CANOPY 
RAOSWN  -  THE  CALORIC  INPUT  TO  THE  PACK  BY  THE  NET  SHORT  WAVE 

RADIATION 
REFLECT  -  THE  FRACTION  OF  RADIATION  THAT  IS  REFLECTED  BY  THE  SNOW 

AS  DERIVED  BY  SUBROUTINE  GETREF 
SIMTEM1  -  AN  ARRAY  USED  PRIMARILY  IN  SUBROUTINE  01FM0D  IN  THE 
SIMULATION  OF  THE  AVERAGE  SNOWPACK  TEMPERATURE. 
TO  INSURE  STABILITY  OF  THE  DIFFUSION  MODEL,  THE 
DAY  IS  PARTITIONED  INTO  12  HOUR  INTERVALS,  AS 
DISCUSSED  IN  SUBROUTINE  DIFMOD.   THIS  ARRAY  STORES 
THE  CONDITIONS  PRESENT  DURING  THIS  INTERVAL  FOR  USE 
IN  THE  SIMULATION  ON  THE  NEXT  INTERVAL.   LOCATION  1 
STORES  THE  AVERAGE  AIR  TEMPERATURE  (ASSUMED  TO  BE 
THE  SURFACE  TEMPERATURE  OF  THr | SNOWPACK I ,  LOCATION  2 
IS  THE  SNOWPACK  TEMPERATURE  A;  |  .  NODE  MIDWAY 
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C 

c 

c 

SIMTEM2 

=  THE 

c 

c 

SIMTEM3 

=  THE 

c 

c 

SNOMELT 

-  MEL 

c 

SOBSEQV 

-  ARR 

c 

c 

SPRECIP 

-  ARR 

c 

SPREQV  - 

ARRA 

c 

SUBTITL 

-  ONE 

l 

TCOEFF  - 

THE 

c 

c 

c 

c 

TEMPMAX 

-  THE 

c 

c 

TEMPMIN 

-  THE 

c 

c 

THRSHLD 

-  THE 

c 

c 

c 

c 

c 

TITLE  - 

ONE  C 

L 

c 

TOTPREC 

-  THE 

(. 

USEMEAN 

=  0, 

c 

=  1, 

c 

c 

XMAX  -  MAXIMU 

c 

c— - 

BETWEEN  THE  SURFACE  AND  THE  GROUND,  AND  LOl 
THE  GROUND  TEMPERATURE. 

SNOWPACK  TEMPERATURE  AT  THE  MIDDLE  NODE  Fl  J 
INTERVAL,  AS  SIMULATED  BY  SUBROUTINE  DIFMOIt 

AVERAGE  SNOWPACK  TEMPERATURE  FOR  THIS  INTI 
DERIVED  BY  SUBROUTINE  DIFMOD 
T  DELIVED  IN  INCHCS  FOR  THE  INTERVAL 
AY  FOR  STORING  THE  OBSERVED  WATER  EQUIVALEIf 
PLOTTING 

AY  FOR  STORING  THE  PRECIP  FOR  PLOTTING 
Y  FOR  STORING  THE  PREDICTED  WATER  EQUIVALEM 

CARD  SUBTITLE,  SIMILAR  TO  -TITLE- 
TRANSMISIVITY  COEFFICIENT  USED  TO  ESTIMATE 
SHORT  WAVE  RADIATION  REACHING  THE  SNOWPACK. 
Rf  IF- SNYDER  AND  LULL,  RADIANT  ENERGY  IN  REL/ 
FORESTS,  USFS  TECH.  BUL  1344,  1965. 

MAXIMUM  TEMPERATURE  DURING  THE  INTERVAL  V 
FARENHEIT 

MINIMUM  TEMPERATURE  DURING  THE  INTERVAL  II 
FARENHEIT 

THRESHOLD  TEMPERATURE  FOR  DETERMINING  WHE1  1 
TO  RE-INITIALIZE  THE  REFLECTIVITY  FUNCTION 
THERE  IS  A  SNOW  EVENT.   IF  THE  MAXIMUM  TEMWJT, 
GREATER  THAN  THE  TKRESHOLO  VALUE  DO  NOT  RE 
THE  FUNCTION  REGAROLESS  OF  THE  PRECIP  ITATK1  j 
ARD  TITLE  (IF  THE  INFORMATION  IS  CENTERED  C 
IT  WILL  BE  PROPERLY  CENTERED  ON  THE  PAGEI 

ACCUMULATED  TOTAL  PRECIPITATION  IN  INCHES 
USE  MAXIMUM  AND  MINIMUM  TEMPERATURES  AS  REi 
REPLACE  THE  MAXIMUM  AND  MINIMUM  TEMPERATURI 
MEAN 

M  OBSERVED  OR  PREDICTED  WATER  EQUIVALENT,  U 
SCALING 


', 


••' 


COMMON  ACTDATE, ACTUALI21 I, AVETE 

COMMON  BASTEMF 

COMMON  CALAIR, CALDEF, CALORIE, C 

COMMON  DATE, DATESI3) , DEN, DENSIT 

COMMON  ENGBAL 

COMMON  FOOTNOTI 161 .FREEWAT 

COMMON  HOLDCAP 

COMMON  IDATEI372I.ISN0W, ITABLE 

COMMON  KOUNT 

COMMON  LASTUSD, LINES 

COMMON  NEXTACT 

COMMON  OBSWEOV 

COMMON  PACKTEM, PARTICE, PASTINT 

COMMON  RADIN, RADLWN, RADSWN.REFL 

COMMON  SIMTEM1 (3) , SI MTEM2 ,S IMTE 
1         SPRECIPI 372I.SPREQVI372I 

COMMON  TCOEFF, TEMPMAX, TEMPMIN, T 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE, DATES, DREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT, PLOTOBS, PLOTWE 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 

C0MM0N/C0NVERT/FIVE9TH.THIRTY2 

DATA  FIVE9TH.THIRTY2/. 555555555 

C INITIALIZE  THE  MODEL  AND  READ 

10  CALL  INITIAL 

C READ  A  DATA  CARD 

20  CALL  READER  (IEND) 
C A  BLANK  CARD  MAY  BE  USED  TO  SEP 

IF( IENO.NE.O.OR.DATE.LE.OI  GO  T 
c SEE  HOW  THIS  INTERVAL  AFFECTS  T 

CALL  AFFECTS 
C IF  THE  TABLE  IS  BEING  PRINTED 

IF1ITABLEI  40,40,30 
30  CALL  WRITER 

C IF  THE  PLOT  IS  TO  BE  DONE,  STOR 

c the  NEXT  CARD 

40  IF(PLOTWE)  20,20,50 
50  CALL  STORE 

GO  TO  20 

C ALL  CARDS  HAVE  BEEN  READ,  SO  PL 

c the  FOOTNOTES  ON  THE  LAST  PAGE 

60  lF(ITABLE.NE.O)  WRITE  (6,9101  F 
■AO  FORMAT! 1H01 3A10/ 1X3A10 I 

IF(PLOTWE.NE.O)  CALL  PLOTTER 

C IF  THE  END  OF  FILE  HAS  NOT  BEEN 

C DATA 

IF(IEND)  70,10,70 
70  STOP 

END 


MC.AVETEMF 


LSNOW, COVDEN 
Y, DREADY 


PLOTOBS, PLOTWE, PRECIP, PRE  I 

ECT 

M3, SNOMELT, SOBSEQV ( 3721, 

,SUBTITL(8I 

HRSHLD, TITLE (8), TOTPREC 


6,32.0/ 

HE  PARAMETER  CARDS 


ARATE  SETS  OF  DATA 

0  60 

HE  SIMULATION 

WRITE  THIS  LINE 


E  THIS  INFORMATION.   THEN  I 


OT  THE  SIMULATION  AFTER  H  1 
OOTNOT 

SENSED,  GO  ON  TO  THt  NcX ' 


Subroutine  AFFECTS 


SUBROUTINE  Ar-FECTS 
-DETERMINE  THE  EFFECTS  OF  THE  DATA  FROM  THli  CARD 
COMMON  ACTDATE, ACTUAL  I  21 1 , AVETEMC , AVETEMF 
COMMON  BASTEMF 

COMMON  CALAIR, CALDEF, CALORIE, CALSNOW, COVDEN 
COMMON  DATE,0ATESI3) , DEN, DENS  I TY .DREADY 
COMMON  ENGBAL 

COMMON  F00TN0TI16I .FREEWAT 
COMMON  HOLDCAP 


COMMON  IOATEI372) , I  SNOW , I  TABLE 

COMMON  KOUNT 

COMMON  LASTUSD, LINES 

COMMON  NEXTACT 

COMMON  OBSWEOV 

COMMON  PACKTEM,PARTICE,PASTINT,PLOTOBS,PLOTWE,PRECIP,PREWE 

COMMON  RAD  IN, RADLWN.RADSWN, REFLECT 

COMMON  SIMTEMK3)  , S 1 MTEM2 , S IMTEM3, SNOMELT , SOBSEQVI 372 ) , 
1         SPRECIP1372I ,  SPREQVI372) .SUBTITLI8) 

COMMON  TC0EFF,TEMPMAX,TEMPMIN,THRSHLD,TITLE18), TOTPREC 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE, DATES, DREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT, PLOTOBS.PLOTWE 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 

COMMON/CON VERT/F I VE9TH.TH I RTY2 
-START  THE  ENERGY  BALANCE  AND  SNOWMELT  AT  ZERO  FOR  THIS  INT 

-  BUT  ACCUMULATE  THE  PRECIPITATION 
I  SNOW  =  0 

ENGBAL  =    0.0 
SNOMELT  =  0.0 

TOTPREC  =  TOTPREC  ♦  PRECIP 
-IF  A  SNOWPACK  ALREADY  EXISTS.  GO  FIND  THE  EFFECT  OF  THIS  I 

-  ON  THE  SNOWPACK 
IF(PREWEOV)  10,10,40 

-SINCE  THERE  IS  NO  SNOWPACK,  CHECK  TO  SEE  IF  THIS  INTERVAL 

-  PRECIPITATION  AND  IF  SO,  SEE  IF  IT  IS  ALL  SNOW 
IFIPRECIP)  120,120,20 

-IF  THE  MINIMUM  TEMPERATURE  IS  BELOW  FREEZING,  CONSIDER  THE 

-  PRECIPITATION  TO  BE  ALL  SNOW 
IFITEMPMIN.LE.THIRTY2.0R.TEMPMAX.LE.BASTEMF)  GO  TO  60 

-SEE  IF  THE  PRECIPITATION  IS  ALL  RAIN  OR  A  MIXTURE  ON  BARE 

IFITEMPMIN  -  BASTEMFI  90,30,30 
-IT  IS  ALL  RAIN,  00  NOT  START  BUILDING  UP  THE  SNOWPACK 

SNOMELT  =  PRECIP 

GO  TO  120 
-A  SNOWPACK  EXISTS.   IF  THERE  IS  PRECIPITATION,  DETERMINE  T 

-  BUT  OTHERWISE,  JUST  GO  ON  TO  COMPUTE  THE  REFLECTIVITY  AND 

-  RADIATION  BALANCE 
IFIPRECIPI  110,110,50 

-THERE  IS  PRECIPITATION  ON  AN  EXISTING  PACK.   IF  IT  IS  NOT 

-  SNOW,  GO  SEE  IF  ANY  OF  IT  WAS  SNOW 

IFITEMPMIN. GT.THIRTY2. AND. TEMPMAX.GT. BASTEMF )  GO  TO  70 
CALL  SNOWED  IAMINI  ( AVETEMC ,0.0 ) , PREC I P I 
GO  TO  110 
-SEE  WHETHER  THE  PRECIPITATION  ON  AN  EXISTING  PACK  WAS  ALL 

-  A  MIXTURE  OF  RAIN  AND  SNOW 
IFITEMPMIN  -  BASTEMFI  90,80,80 

-THIS  IS  A  RAIN  ON  SNOW  EVENT.   THE  TEMPERATURE  FOR  COMPUTI 

-  DEPLETION  OF  THE  TOTAL  CALORIE  DEFICIT  IS  THE  DIFFERENCE 
h  AVERAGE  TEMPERATURE  AND  FREEZING  (0.0  DEGREES  CENTIGRADEI 

CALL  RAINED  I  AVE TEMC ,PREC I P) 

GO  TO  100 
-THIS  IS  A  MIXTURE  OF  RAIN  AND  SNOW  EVENT 

CALL  MIXTURE 
-IF  THE  PACK  WAS  ENTIRELY  MELTEO,  BYPASS  COMPUTATION  OF  THE 
r  REFLECTIVITY  AND  THE  RADIATION  BALANCE 

IFIPREWEOV)  120,120, 110 
-GET  THE  REFLECTIVITY  FOR  THIS  INTERVAL 

CALL  GETREF 
-COMPUTE  THE  RADIATION  BALANCE  AND  ITS  EFFECT  ON  THE  PACK 

CALL  RADBAL 

RETURN 
^HERE  IS  NO  SNOWPACK  -  REDEFINE  THE  RADIATION  BALANCE  TO  A 

-  NEGATIVE  VALUE  TO  ASSURE  THE  PROPER  SELECTION  OF  THE  REFL 

-  FUNCTION  IN  SUBROUTINE  GETREF  WHEN  THERE  IS  A  SNOWPACK 
CALORIE  =  -1.0 

:  RE  I  URN 
END 


NG  THE 
OF  THE 


routine  CALIN 


SUBROUTINE  CALIN  (CALORINI 
I— THIS  SUBROUTINE  COMPUTES  THE  EFFECTS  OF  THE  CALORIC  INPUT  ON  THE 
—  SNOWPACK 

COMMON  ACTDATE, ACTUALI21) .AVETEMC, AVETEMF 

COMMON  BASTEMF 
!  COMMON  CALAIR.CALDEF, CALORIE. CALSNOW , COVDEN 
l!  COMMON  0ATE.DATESI3)  ,  DEN,  DENSITY,  DREADY 

COMMON  ENGBAL 

COMMON  F00TNOTI16) .FREEWAT 

COMMON  HOLOCAP 

COMMON  I0ATEI372I , I  SNOW , I  TABLE 

COMMON  KOUNT 

COMMON  LASTUSD, LINES 
.  COMMON  NEXTACT 

COMMON  OBSWEOV 

COMMON  PACKTEM, PAR 'ICE, PAST  I  NT, PLOTOBS.PLOTWE, PRECIP, PREWEOV 

COMMON  R AD  IN, R AD LWN.R ADS WN, REFLECT 

COMMON  SIMTEM1I3I , SI MTEM2 , S IMTEM3, SNOMELT , SOBSEOVI 372  1, 
1         SPRECIPI372) .SPREQVI372I .SUBTITL18I 

COMMON  TC0EFF,TFMPMAX,TEMPM|N,THRSHLD,TITLE(8I,T0TPREC 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE, DATES. DREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT.PLOTOBS.PLOTWF 

INTEGER  SUBTITL 

INTEGER  TITLE 


INTEGER  USEMEAN 
C ADD  THESE  CALORIES  INTO  THE  ENERGY  BALANCE 

ENGBAL  =  ENGBAL  ♦  CALORIN 
C SEE  IF  A  CALORIE  DEFICIT  EXISTS  IN  THf  PACK 

COMPARE  =  CALORIN  -  CALDEF 

IFIC1MPAKEI  10,20,30 

C THERE  IS  A  CALORIE  DEFICIT,  BUT  THF  INPUT  DID  NOT  COMPIITTLY 

C WIPE  IT  OUT.   ALL  OTHER  CONDITIONS  ARE  UNCHANGED 

10  CALDEF  =  -  COMPARE 
C 1.27  =  0.05  *  2.54 

PACKTEM  =  COMPARE/(PREWE0V»1.27) 

RETURN 

C THE  CALORIE  DEFICIT  WAS  WIPED  OUT,  BUT  ALL  OTHER  CONDITIONS  ARE 

C UNCHANGtD 

20  CALDEF  =  0.0 

PACKTEM  =  0.0 

RETURN 

C ANY  DEFICIT  WHICH  DID  EXIST  WAS  WIPED  OUT.   COMPUTE  THE  POTFNTIAL 

C MELT  FROM  THE  REMAINING  CALORIES  I CALOR I ES/ ( 80 .0  •  2.541) 

30  POTMELT  =  COMPARE/203.2 

CALDEF  =  0.0 

PACKTEM  =  0.0 

C IF  THE  input  WAS  ENOUGH  TO  MELT  THl  WHOLE  PACK,  CONTRIBUTE  THE 

C WATER  EOUIVALENT  TO  THE  SNOWMELT  AND  ZERO  ALL  CONDITIONS 

IFIPOTMELT.LT. PARTICE)  GO  TO  40 

SNOMELT  =  SNOMELT  »  PREWEOV 

PREWEOV  =  0.0 

PARTICE  =  0.0 

FREEWAT  =  0.0 

HOLDCAP  =  0.0 

RETURN 

C DEPLETE  THE  ICt  PACK  BY  THE  AMflUNT  MELTED  AND  CONTRIBUTE  THAT 

C AMOUNT  TO  THE  FRFE  WATER 

4U  PARTICE  =  PARTICE  -  POTMELT 

FREEWAT  -  FREEWAT  ♦  POTMELT 

C COMPUTE  THE  NEW  HOLDING  CAPACITY  OF  THE  PACK  AND  COMPARE  IT  WITH 

C THE  FREE  W»TER  TO  SEE  IF  SNOWMELT  IS  PRODUCED 

HOLDCAP  =  0.04  *  PARTICE 

COMPARE  =  FREEWAT  -  HOLDCAP 

IF(COMPARE.LE.O.O)  RETURN 

C THE  SNOWMELT  CONTRIBUTED  IS  IN  -COMPARE-.   REDUCE  THE  FREE  WATER 

c T0  LEAVE  A  PRIMED  PACK  AND  RFDUCE  THE  PREDICTED  WATER  EQUIVLAEN1 

PREWEOV  =  PREWEOV  -  COMPARE 

SNOMELT  =  SNOMtLT  *  COMPARE 

FREEWAT  =  HOLDCAP 

RETURN 

END 

Subroutine  CALOSS 

SUBROUTINE  CALOSS  ICALOUT) 

C THIS  SUBROUTINE  COMPUTES  THE  EFFECTS  OF  THE  CALORIC  LOSS  ON  THE 

c SNOWPACK 

COMMON  ACT DATE, AC TUALI21 I, AVETEMC, AVETEMF 

COMMON  BASTEMF 

COMMON  CALAIR,CALDEF,CALORIE,CALSNOW,COV0EN 

COMMON  DATE, DATES (3) , DEN, DENS  I TY , DREADY 

COMMON  ENGBAL 

COMMON  FOOTNOT(lfc) .FREEWAT 

COMMON  HOLDCAP 

COMMON  IDATEI 3721 . ISNOW, ITABLE 

COMMON  KUUNT 

COMMON  LASTUSD, LINES 

COMMON  NEXTACT 

COMMON  OBSWEOV 

COMMON  PACKTEM, PARTICE, PASTINT, PLOT OB S, PL OTWE, PRECIP, PREWEOV 

COMMON  R AO I N.RADLWN.RADSWN, REFLECT 

COMMON  SIMTEM1 (31 , SI MTEM2 , S I MTEM3, SNOMELT , SOBSEOV ( 3  72!, 
1         SPRECIPI372) .SPRE0VI372) .SUBTITL! 8) 

COMMON  TC0EFF.TEMPMAX,TEMPMIN,THRSHLD,TITLt(8),T0TPREC 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE, DATES, DREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT, PLOTOBS , PLOTWE 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 
C ADD  ALGEBRAICALLY  THESE  CALORIES  INTO  THE  ENERGY  BALANCE 

ENGBAL  =  ENGBAL  ♦  CALOUT 

C SEE  IF  THERE  IS  ANY  FREE  WATER  IN  THE  PACK.   IF  NOT,  THE  LOSS  IS 

C JUST  CONTRIBUTED  TO  THE  CALORIC  DEFICIT  OF  THE  SNOWPACK. 

C REMEMBER  THAT  -CALOUT-  IS  NEGATIVE 

IFIFREEWAT.GT.O.OI  GO  TO  10 

CALDEF  =  CALDEF  -  CALOUT 

GO  TO  50 

C COMPUTE  THE  CALORIC  LOSS  NECESSARY  TO  FREEZE  ALL  OF  THE  FREE  WATER 

C IFREE  WATER  «  80.0  »  2.541 

10  CALNEED  =  FREEWAT  •  203.2 

C NOW  COMPARE  THAT  NECFSSARY  LOSS  WITH  THE  ACTUAL  LOSS.   IF  THEY  ARE 

C THE  SAME,  THE  FREE  WATER  IS  WIPED  OUT  BUT  NO  OTHER  CONDITIONS  ARE 

C ALTERED 

COMPARE    =    CALOUT    ♦    CALNEED 

IF(COMPARE)    20,30,40 

t THE  LOSS  WAS  MORE  THAN  ENOUGH  TO  FREEZE  IT.   THE  BALANCE  CREATES 

C AN  ENERGY  DEFICIT  IN  THE  PACK  AND  THE  FREE  WATER  IS  WIPED  OUT 

20  CALDEF  =  -  COMPARE 

30  PARTICE  =  PARTICE  ♦  FREEWAT 

FREEWAT  =  0.0 

GO  TO  50 

C ONLY  PART  OF  THE  FREE  WATER  FROZE.   COMPUTt  THE  BALANCE  REMAINING 

C BALANCE  =  EXISTING  FREE  WATER  -  AMOUNT  FROZEN,  WHERE 

C AMOUNT  FROZEN  =  CALOR I ES/ ( 80.0  •  2.54) 

40  FROZEN  =  -  CALOUT/203.2 
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PARTICE  =  PARTICE  t  FROZEN 
FREEWAT  =  FR6EWAT  -  FROZEN 
RETURN 

c COMPUTE  THE  NEW  PACK  TEMPERATURE  ANO  HOLD  CAPACITY 

50  PACKTEM  =  -CALDEF/IPREWEQV*1.27) 
HOLDCAP  =  0.04  *  PARTICE 
RETURN 
ENU 


Subroutine  DIFMOD 


SUBROUTINE  OIFMOD 

c THIS  SUBROUTINE  WAS  DERIVED  FROM  PROGRAM  SIMTEM,  A  SNOWPACK 

C TEMPERATURE  DIFFUSION  MODEL  DEVELOPED  BY  LEAF  I  1970  STUDY  PLAN 

c FS-RM-1602,  NO.  224,  RMF+RESI.   USING  THE  AVERAGE  SURFACE  TEMP 

c AND  THE  GROUND  TEMP  AS  BOUNDARY  CONDITIONS,  THE  NEW  AVERAGE 

c SNOWPACK  TEMPERATURE  IS  CALCULATED 

COMMON  AC TDA IE, ACTUAL (21  I , AVETEMC , AVETEMF 

COMMON  BASTEMF 

COMMON  CALAIR,CALDEF,CALORIE,CALSNOW,COVDEN 

COMMON  DATE, DATES! 3) , DEN, DENS  I T Y , DRE ADY 

COMMON  ENGBAL 

COMMON  F00TN0TU6)  .FREEWAT 

COMMON  HOLDCAP 

COMMON  IDATEI372) .ISNOW, ITABLE 

COMMON  KOUNT 

COMMON  LASTUSD, LINES 

COMMON  NEXTACT 

COMMON  OBSWEQV 

COMMON  PACKTEM, PARTICE, PASTI NT, PL 0T0BS,PL0TWE,PREC1P, PR EWEQV 

COMMON  RAD  IN, RADLWN.RADSWN, REFLECT 

COMMON  SIMTEM1 (31 , SI MTEM2 , SI MTEM3 .SNOMELT , SOBSEOV ( 3  72), 
1         SPRECIPI372) ,SPRE0V(372) ,SUBTITL(8I 

COMMON  TC0EFF,TEMPMAX,TEMPMIN,THRSHLD,TITLE(8),T0TPREC 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE, DATES, DREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT.PLOTOBS.PLOTWE 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 

C 

C DICTIONARY 

C 

C      CALDM  -  THE  CALORIC  INPUT  OR  LOSS  AS  DERIVED  BY  THF  DIFFUSION 

C  MODEL 

C      C0NST1  -  THE  FIRST  CONSTANT  IN  THE  EQUATION  FOR  THE  SIMULATION 

C      C0NST2  -  THE  SECOND  CONSTANT  IN  THF  EQUATION  FOR  THE  SIMULATIOM 

C      H  -  THE  DISTANCE  BETWEEN  NODES  (CORRESPONDS  TO  THE  -H-  IN  THE 

C  STUDY  PLAN) 

C 

C0MM0N/CONVERT/FIVE9TH,THIRTY2 

C IF  THIS  IS  THE  DATE  OF  THE  ACTUAL  OR  OBSERVED  PACK  TEMPERATURES, 

C BYPASS  THE  SIMULATION  AND  USE  THE  OBSERVED  AVERAGE 

IFIDATE  -  ACTDATE)  10,100,10 

C IF  THE  DENSITY  WAS  NOT  SPECIFIED  ON  THE  INPUT  CARD,  COMPUTE  IT  AS 

C A  FUNCTION  OF  THE  WATER  EQUIVALENT.   (THE  FUNCTION  WAS  DERIVED 

C FROM  OBSERVED  CONDITIONS  ON  THE  FRASER  EXPERIMENTAL  FOREST) 

10  IFIDEN)  20,20,30 

20  DENSITY  =  (EXP1I0.0179  »  PREWEUV)  ♦  3.02)1/100.0 

GO  TO  40 
30  DENSITY  =  DEN 

C COMPUTE  THE  DISTANCE  BETWEEN  THE  TWO  NODES  IN  CENTIMETERS 

C DEPTH  =  PREWEQV/DENSITY 

C H  -  (DEPTH/2)«2.54 

*0  H  =  (PREWEQV/DENSITY)  *  1.27 

C THE  THERMAL  DIFFUS1VITY  IS  CALCULATED  FROM  THE  FUNCTION 

C KV  =  0.01/1(2.751  -  DENSITY)*  0.48).   MATHEMATICAL  STABILITY 

C REQUIRES  THAT  THE  VALUE  OF  THE  QUANTITY  (INTERVAL  IN  SECOMDS  « 

C KV/H**2)  BE  LESS  THAN  0.5.   WHEN  A  24  HOUR  INTERVAL  IS  USED,  THE 

C SNOW  DEPTH  MUST  EXCEED  30  INCHES  (20  PERCENT  DENSITY)  TO  ACHIEVE 

C STABILITY.   IN  ORDER  TO  INSURE  STABILITY  WITH  SOMEWHAT  SHALLOWER 

C PACKS  (ABUUT  18  INCHES),  THE  DAY  IS  DIVIDED  INTO  2  TIME  INTERVALS 

C OF  12  HOURS  (43200  SECONDS) 

C C0NST1  =  (43200  «  0.01/1(2.751  -  DENSITY)  *  0.48))/H»«2 

C0NST1  =  900.0/(12.751  -  DENS  I T Y ) «H*H ) 

C THE  MINIMUM  WATER  EQUIVALENT  WHICH  WILL  ACHIEVE  STABILITY  USING 

C THE  ABOVE  DENSITY  FUNCTION  IS  4.7  INCHES 

IFIC0NST1  -  0.51  60,50,50 

C THE  MODEL  IS  UNSTABLE  -  INDICATE  THAT  IT  IS  NOT  READY  FOR  USE  NOW. 

C (IT  MAY  BE  INITIALIZED  AGAIN  BY  AN  OBSERVED  PACK  TEMPERATURE  CARD 

C AND  STABILITY  WILL  BE  ASCERTAINED  FROM  THE  WATER  EQUIVALENT  AT 

C THAT  TIME) 

50  DREADY  =  0 
RETURN 

C GET  THE  SECOND  CONSTANT 

60  C0NST2  =  1.0  -  C0NST1  -  C0NST1 

C PERFORM  THE  SIMULATION  IN  TWO  PARTS  (ONE  FOR  EACH  12  HOUR  PERIOD). 

C -SIMTEM1-  HOLDS  THE  THREE  TEMPERATURES  FROM  THE  PREVIOUS  INTERVAL 

C THAT  ARE  NEEDED  TO  SIMULATE  SIMTEM2,  THE  NODE  AT  THE  CENTER  OF 

C THE  PACK.   SIMULATE  THE  FIRST  12  HOURS  NOW 

S1MTEM2  =  (C0NST1  *  (SIMTEMK1)  ♦  SIMTEMK3)))  *    (C0NST2  »  SIMTEMl 
112)  ) 

C THE  AVERAGE  SNUWPACK  TEMPERATURE  IS  THE  AVERAGE  OF  THE  2  NODES 

C (MIDDLE  AND  GROUND)  IN  BOTH  INTERVALS.   GROUND  TEMPERATURE  IS 

C CONSTANT,  SO  START  THE  AVERAGE  NOW 

SIMTEM3  =  SIMTEMK3)  +  SIMTEMK3)  ♦  SIMTEM2 

C RESET  -SIMTEMl-  TO  THE  TEMPERATURES  OF  THE  INTERVAL  JUST  SIMULATED 

C FQK  USE  (N  THE  SECOND  12  HOUR  INTERVAL  SIMULATION.   THE  SURFACE 

C AIR  TEMPERATURE  IS  SPLIT  INTO  A  LOW  AVERAGE  (  (MEAN*MINI/2  )  AND 

C A  HIGH  AVERAGE  (  (MEAN+MAX1/2  )  FOR  USE  WITH  THE  TWELVE  HOUR 

C INTERVALS.   USE  THE  LOW  AVERAGE  NOW 


SIMTEMK1I  =  AMIN1  (  0.  0  ,  (  (  (  TEMPMI  N-THI  RTY2  )  *F  I VE9TH  I  ♦  A\ 
SIMTEMK2)  ■  SIMTEM2 

C SIMULATE  THE  SECOND  12  HOURS  AND  COMPUTE  THE  AVERAGE  Sf 

c TEMPERATURE 

SIMTEM2  *  (C0NST1  «  (SIMTEMK1)  »  SIMTEMK3)))  ♦  (C0NS1 
1(2)  I 
SIMTEM3  =  (SIMTEM3  ♦  SIMTEM2I/4.0 

C RESET  -SIMTEMl-  USING  THE  HIGH  AVERAGE  FOR  USE  ON  THE  F 

c INTERVAL  OF  THE  NEXT  DAY 

SIMTEMK1)  =  AMIN1  (  0.  0  ,  (  (  (  TEMPMAX-THI  RTY2  )  *F  IVE9TH  )  *  AV 
SIMTEMK2I  =  SIMTEM2 

C CHECK  TO  SEE  IF  THE  GROUND  TEMPERATURE  SHOULD  BE  RAISEC 

IFISIMTEM3  ♦  1.5)  100,80,70 
70  IFISIMTEM3  +  0.5)  80,90,90 
80  IFISIMTEMK 3I.LT.-0.5)  SIMTEM1I3)  =  -0.5 

RETURN 
90  SIMTEMK3)  =  0.0 
100  RETURN 
END 

Subroutine  GETREF 

SUBROUTINE  GETREF 

C GET  THE  REFLECTIVITY 

C 

C DICTIONARY 


REFACUM  -  A  REFLECTIVITY  FUNCTION  FOR  THE  SNOWPACK  DUR I 
ACCUMULATION  PHASE  OF  THE  SNOWPACK 

REFMELT  -  A  REFLECTIVITY  FUNCTION  FOR  THE  SNOWPACK  DURI 
MELT  PHASE  OF  THE  SNOWPACK 


:► 


COMMON  ACTDATE, ACTUALI21) .AVETE 
COMMON  BASTEMF 
COMMON  CALAIR.CALDEF, CALORIE, CA 
COMMON  DATE, DATESI3) , DEN, DENSIT 
COMMON  ENGBAL 

COMMON  FOOTNOTI 16) .FREEWAT 
COMMON  HOLDCAP 

COMMON  IDATEI372I .ISNOW, ITABLE 
COMMON  KOUNT 
COMMON  LASTUSD, LINES 
COMMON  NEXTACT 
COMMON  OBSWEQV 

COMMON  PACKTEM, PARTICE, PASTINT, 
COMMON  RADIN,RADLWN,RADSWN,REFL 
COMMON  SIMTEMK3)  ,  S  I  MTEM2  ,  S  I  MTE 
1         SPRECIP1372) ,SPREQV(372) 
COMMON  TCOEFF.TEMPMAX.TEMPMIN.T 
COMMON  USEMEAN 
COMMON  XMAX 
INTEGER  ACTOATE 
INTEGER  DATE, DATES, DREAOY 
INTEGER  FOOTNOT 

INTEGER  PASTINT.PLOTOBS.PLOTWE 
INTEGER  SUBTITL 
INTEGER  TITLE 
INTEGER  USEMEAN 

DIMENSION  REFACUMI 15I.REFMELTI 1 
DATA  REFACUM/. 80,  .77,  .75,  .72 
1  .64,  .63,  .62,  .61,  .60/ 

DATA  REFMELT/. 72.  .65.  .60,  .58 
1  .44,  .43,  .42,  .41,  .40/ 

C INCREASE  THE  INTERVAL  COUNTER  B 

PASTINT  =  PASTINT  ♦  1 
IFIISNOW)  10,10,80 

C USE  THE  SAME  FUNCTION  AS  LAST  T 

10  lF(LASTUSD)  20,20,50 

C ACCUMULATION  PHASE  -  AFTER  15  D 

C STARTING  AT  THE  FOURTH  DAY 

20  1FIPASTINT  -  15)  30,30,40 
30  REFLECT  =  REFACUMI PAST  I  NT ) 

RETURN 
40  PASTINT  =  4 
LASTUSD  =  I 
GO  TO  70 

C MELT  FUNCTION  -  AFTER  15  DAYS, 

50  IFIPAST1NT  -  151  70,70,60 
60  PASTINT  =  15 
70  REFLECT  =  REFMEL T ( PASTI NT ) 
RETURN 

C THERE  IS  NEW  SNOW  -  DETERMINE  I 

C INITIALIZED 

80  IFITEMPMAX  -  THRSHLD)  90,90,10 

C IT  IS,  SO  SEE  WHICH  FUNCTION  IS 

90  PASTINT  =  0 

IF(PACKTEM)  100,110,110 
100  REFLECT  =  0.91 
LASTUSD  =  0 
RETURN 

C THE  PACK  IS  ISOTHERMAL,  BUT  IF 

(_ PREVIOUS  INTERVAL  WAS  NEGATIVE 

L FUNCTION  ANYWAY 

110  IF(CALORIE)  100,120,120 
120  REFLECT  =  0.8L 
LASTUSD  =  1 
RETURN 
END 


Subroutine  INITIAL 


MC, AVETEMF 


LSNOW.COVDEN 
Y, DREADY 


PLOTOBS,PLOTWE,PRECIP.PR> 

ECT 

M3,SN0MELT,S0BSEQV( 372) , 

.SUBTITLI8) 

HRSHL0,TITLE(8),T0TPREC 


5) 

,  .70,  .69,  .68,  .67,  .6 

,  .56,  .54,  .52,  .50,  .4 

Y  1  AND  SEE  IF  THERE  WAS 

IME 

AYS,  USE  THE  MELT  FUNCTl! 


USE  A  CONSTANT  40  PFRCEN 


F  THE  FUNCTION  IS  TO  BE  ll 


TO  BE  USED 


THE  ENERGY  BALANCE  FROM  1 
,  USE  THE  ACCUMULATION  PI 


SUBROUTINE  INITIAL 
C READ  THE  PARAMETERS  AND  INITIALIZE  THE  MELT  MODEL 
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DMMON  ACTDATE.ACTUALI21) , AVETEMC, AVETEMF 
3MMON  BASTEMF 

DMMON  CALAIR,CALDEF,CALORIE,CALSNOW,COVDEN 

DMMON  DATE, DATES (3) , DEN, DENS  1 TY , DREADY 

DMMON  ENGBAL 

DMMON  FOOTNOT! 161 .FREEWAT 

DMMON  HOLDCAP 

DMMON  IDATEI372) , ISNOW, ITABLE 

DMMON  KOUNT 

DMMON  LASTUSD, LINES 

DMMON  NEXTACT 

DMMON  OBSWEQV 

DMMON  PACKTEM,PARTICE,PASTINT,PLOTOBS,PLOTWE,PRECIP,PREWEQV 

DMMON  RAD  I N, RADLWN, RADSWN , REFLECT 

DMMON  SIMTEM1 13) , SI MTEM2 ,S I MTEH3 .SNOMELT , SOBSEQV! 372), 

SPRECIPI372I ,SPREQV(372) .SUBTITL I  8) 
3MMON  TCOEFF,TEMPMAX,TEMPMIN,THRSHLD,TITLE(8) , TOT PRE C 
DMMON  USEMEAN 
DMMON  XMAX 
1TEGER  ACTDATE 
1TEGER  DATE, DATES, DREADY 
VTEGER  FOOTNOT 

MTEGER  PASTINT.PLOTOBS.PLOTWE 
MTEGER  SUBTITL 
MTEGER  TITLE 
MTEGER  USEMEAN 

STABLISH  THE  STANDARD  BASE  TEMPERATURE 
ASTEMF  =  35.0 

M1TIALIZE  THOSE  VARIABLES  WHICH  ARE  NOT  READ  IN  OR  OTHERWISE 
INITIALIZED  BEFORE  BEING  USED 
REEWAT  =  0.0 
OLDCAP  =  0.0 
UM  =  0.0 
OTAL  =  0.0 
MAX  =  0.0 
READY  =  0 
SNOW  «  0 
DUNT  =  0 
ASTUSD  =  0 
ASTINT  =  0 

NES  =  999 
TART  THE  RADIATION  BALANCE  WITH  A  NEGATIVE  VALUE  FOR  POSSIBLE  USB 
BY  SUBROUTINE  GETREF  IN  DETERMINING  WHICH  REFLECTIVITY  FUNCTION 
TO  USE 

ALORIE  =  -1.0 

EAD  THE  INSTRUCTION  PARAMETERS  AND  THE  CONTROLS  ON  THE  MODEL 
EAD  (5,910)  ITABLE,PLOTWE,PLOTOBS,USEMEAN,TCOEFF,COVDEN,PACKTEM, 
PREWEOV.THRSHLD 
0RMAT(M1.1X,5F5.2) 
FIE0FI5I)  10,10,20 

EAD  THE  TITLE,  SUBTITLE  AND  FOOTNOTE  CARDS 
EAD  (5,920)  TITLE, SUBTITL, FOOTNOT 
0RMAT1 BA10) 

NITIALIZE  THE  ICE  CONTENT  AND  ACCUMULATED  PRECIPITATION 
ARTICE  =  PREWEOV 
OTPREC  =  PREWEOV 

ALCULATE  THE  CALORIE  DEFICIT  FROM  THE  PACK  TEMPERATURE 
ALDEF  =  -  (PACKTEM  *  BO)  *  (PREWEOV  »  2.5'.)  /  160 
ALDEF  =  -  PACKTEM  *  PREWEOV  «  1.27 
;ETURN 
,TOP 
NO 


utine  LINK 


UBROU 
HIS    S 

ISUBR 
OMMON 
OMMON 
OMMON 
OMMON 
DMMON 
OMMON 
OMMON 
OMMON 
OMMON 
OMMON 
OMMON 
OMMON 
OMMON 
OMMON 
OMMON 

OMMON 

OMMON 

OMMON 

NTEGE 

NTEGE 

NTEGE 

NTEGE 

NTEGE 

NTEGE 

NTEGE 

OMMON 

EE  IF 

FICAL 

HERE 

GO  AH 

F1FRE 

SE  TH 

EMPER 

ALL  D 

FIDRE 


TINE  LINK  (IRETURN1 

U8R0UTINE  IS  THE  INTERFACE  BtTWEEN  THE  RADIATION  BALANCE 

OUTINE  RADBAL)  AND  THE  DIFFUSION  MODEL  (SUBROUTINE  DIFMODI 

ACTDATE, AC TUAL(2l), AVETEMC, A VETEMF 

BASTEMF 

CALAIR,CALDEF,CALORIE,CALSNOW,COVDEN 

DATE, DATES! 3  1 , DEN, DENS  I TY, DREADY 

ENGBAL 

F00TN0TI16) .FREEWAT 

HOLDCAP 

IDATE (372)  , I  SNOW , I  TABLE 

KOUNT 

LASTUSD, LINES 

NEXTACT 

OBSWEOV 

PACK TEM, P AR T ICE, PAST  I  NT, PLOTOBS, PLOT WE, PREC IP, PREWEOV 

RADIN.RADLWN.RADSWN, REFLECT 

SIMTEM1 13) , SI MTEM2.S I MTEM3, SNOMELT, SOBSEOVI 372) , 

SPRECIPI 372),SPREQV(372) .SUBTITL! 8  I 

TC0EFF,TEMPMAX,TEMPMIN,THRSHLD,TITLE(8),T0TPREC 

USEMEAN 

XMAX 
R  ACTDATE 

R  DATE, DATES, DREADY 
R  FOOTNOT 

R  PASTINT.PLOTOBS.PLOTWE 
SUBTITL 
TITLE 
USEMEAN 
/C0NVERT/FIVE9TH.TH1RTY2 

THE  RADIATION  BALANCE  IS  AN  ENERGY  LOSS  OR  GAIN 
ORIEI  10,10,80 

AS  A  LOSS.   IF  THIS  IS  STILL  WINTER  (NO  FREEWATtR),  JUST 
EAD  ANO  USE  THE  DIFFUSION  MODEL 
EWAT)  20,20,50 

E  DIFFUSION  MODEL  TO  SIMULATE  THE  CURRENT  AVERAGE  SNOWPACK 
ATURE 
IF  MOD 
ADY)  40,«,0,30 


C NOW  MAKE  ANY  NECESSARY  ADJUSTMENTS  IN  THE  RADIATION  BALANCE  TU 

C CAUSE  THE  PACK  TEMPERATURE  TO  BE  THE  SAME  AS  -SIMTEM3-.   START  BY 

C GETTING  THE  DIFFERENCE  BETWEEN  THE  LAST  PACK  TEMPERATURE  ANO  THIS 

C ONE,  THEN  CONVERT  IT  TO  CALORIES 

30  CALDM  »  (SIMTEM3  -  PACKTEM)  ♦  PREWEOV  •  1.27 

C ADJUST  THE  LONG  WAVE  PORTION  OF  THt  RADIATION  BALANCE  BY  THE 

C DIFFERENCE  BETWEEN  THE  CALORIES  DERIVED  FROM  THE  DIFFUSION  MOOEL 

C AND  THE  ENERGY  BALANCE 

RADLWN  =  RADLWN  ♦  1CAL0M  -  CALORIE) 

CALORIE  =  CALDM 
'.O  IRETURN  ■  0 

RETURN 

C THE  LOSS  IS  USED  TO  FREEZE  PART  OR  ALL  OF  THE  FREE  WATER,  BUT  II 

C MAY  NOT  CREATE  COLD  CONTENT.   IF  IT  WOULD  CREATE  COLD  CONTENT, 

C RE-INITIALIZE  THE  DIFFUSION  MOOEL  TO  0  AND  ADJUST  THE  ENERGY 

C BALANCF  ACCORDINGLY 

50  CALL  CALOSS  (CALORIE) 

IFIFREEWAT  -  0.5)  60,60,70 
60  S1MTEM1I1I  =  AMIN1  ( AVETEMC ,0.0  I 

SIMTEM1I2)  =  0.0 

SIMTEMK3)  =  0.0 

DREADY  =  1 

C MAKE  ANY  NECESSARY  ADJUSTMENTS  TO  THE  ENERGY  BALANCE  TO  COMPENSATE 

C FOR  THE  COLD  CONTENT  THAT  WOULD  HAVE  BEEN  GENERATED  BY  THIS  LOSS 

C AND  ZERO  THE  COLD  CONTENT 

CALORIE  =  CALORIE  ♦  CALDEF 

RAOLWN  =  RADLWN  ♦  CALDEF 

PARTICE  =  PARTICE  ♦  FREEWAT 

PREWEOV  =  PREWEOV  ♦  FREEWAT 

FREEWAT  =  0.0 

CALDEF  =  0.0 

PACKTEM  =  0.0 
70  IRETURN  =  1 

RETURN 

C THERE  IS  CALORIC  INPUT  TO  THE  PACK.   CHECK  TO  SEE  IF  CONDITIONS 

C INDICATE  THAT  THE  DIFFUSION  MODEL  SHOULD  BE  TURNED  OFF  ANO  THE 

c ENERGY  BALANCE  USED  FOR  SPRINGTIME  SIMULATION.   CONSIOER  FIRST 

C ANY  COLD  CONTENT  I  INCLUDING  THAT  OF  THE  PREVIOUS  DAY  AND  ANY 

C CREATED  BY  A  SNOW  EVENT  ON  THIS  DAY).   IF  THERE  IS  COLD  CONTENT, 

C CHECK  THE  AVERAGE  AIR  TEMPERATURE  AND  THE  SNOWPACK  TEMPERATURE 

c FR0M  THE  PREVOUS  DAY  FOR  ARBITRARILY  CHOSEN  SPRINGTIME  CONDITIONS 

C AND  IF  ALL  ARE  NOT  SATISFIED,  GO  AHEAD  AND  USE  THE  DIFFUSION 

C MOOEL 

80  IF(CALDEF)  170,170,90 

90  IF (AVETEMC. LE. 0.0. OR. PACKTEM. LE. -0.7)  GO  TO  20 

C SINCE  SPRINGTIME  CONITIONS  PREVAIL,  RECOMPUTE  THE  BACK  RADIATION 

C AND  THE  NET  RADIATION  BALANCE  (REMEMBER,  IF  THERE  IS  SNOW,  THE 

C LONGWAVE  IS  ASSUMED  TO  BE  ZERO,  SO  THERE  WOULD  BE  NO  NEED  TO  MAKE 

C ANY  ADJUSTMENTS) 

IFIISNOW)  lOO.lOO.l'.O 
100  USE  =  (TEMPMIN  -  THIRTY2)  »  FIVE9TH 

IF(USE.GT.O.O)  USE  =  0.0 

CALSNOW  =  1.17E-7  »  ((USE  ♦  273.16)  •»  << ) 

IF(PRECIP)  110,110,120 
110  RADLWN  =  1(1.0  -  C0VDEN1  «  (10.757  *  CALAIR)  -  CALSNOW))  ♦  (COVOEN 
I  »  (CALAIR  -  CALSNOW)) 

GO  TO  130 
120  RADLWN  =  CALAIR  -  CALSNOW 
130  CALORIE  =  RADSWN  ♦  RADLWN 

C RE-INITIALIZE  THE  DIFFUSION  MODEL  TO  THESE  CONDITIONS  (BUT  IF  THE 

C INPUT  IS  MORE  THAN  ENOUGH  TO  WIPE  OUT  THE  CALORIE  DEFICIT,  JUST 

c LET  IT  BRING  THE  PACK  TO  ISOTHERMAL.   IN  THIS  WAY,  TWO  CONSECU- 

c T|VE  DAYS  OF  INPUT  ARE  REQUIRED  TO  GENERATE  FREE  WATER) 

140  ACTDATE  =  DATE 

COMPARE  =  CALORIE  -  CALDEF 

IFtCOMPARE)  160,150,150 

C INITIALIZE  THE  DIFFUSION  MODEL  TO  ISOTHERMAL  CONDITIONS 

150  SIMTEMK  1)  =  0.0 

SIMTEM1I2)  =  0.0 

SIMTEMK3)  =  0.0 

SIMTEM3  =  0.0 

GO  TO  20 

C REDEFINE  THE  SURFACE  TEMPERATURE  AND  COMPUTE  THE  NEW  AVERAGE  PACK 

c TEMPERATURE.   THEN  COMPUTE  THE  MIDDLE  NODE  AS  A  FUNCTION  OF  THAT 

C AVERAGE,  THE  SURFACE  TEMPERATURE  AND  THE  GROUND  TEMPERATURE 

c (WHICH  REMAINED  UNCHANGED) 

160  SIMTEM1I1)  =  AMIN1  (0.0 , AVETEMC ) 

SIMTEM3  =  COMPARE/IPREWEQV  •  1.271 

SIMTEMK2)  =  (3.0  »  SIMTEM3)  -  SIMTEMlll)  -  SIMTEMK3) 

SIMTEMK3I  =  0.0 

GO  TO  20 

c THERE  IS  INPUT  TO  THE  PACK  AND  THE  PACK  IS  ALREADY  ISOTHERMAL.   IF 

c THIS  ENERGY  WILL  CREATE  AT  LEAST  0.05  INCH  (ARBITRARY  AMOUNT!  OF 

c free  WATER,  TURN  THE  DIFFUSION  MODEL  OFF  AND  LET  THE  ENERGY 

C BALANCE  TAKE  ITS  COURSE 

170  IFIFREEWAT  ♦  (CALORIE/203.2)  -  0.05)  150,180,180 
180  DREADY  -    0 

IRETURN  =  0 

RETURN 

END 


Subroutine  MIXTURE 


SUBROUTINE  MIXTURE 

C THIS  SUBROUTINE  CONTROLS  THE  COMPUTATIONS  FOR  A  PRECIPITATION 

C EVENT  THAT  IS  A  MIXTURE  OF  SNOW  AND  RAIN 

C 

C DICTIONARY 

C 

C      AMTSNOW  -  THE  AMOUNT  OF  PRECIPITATION  OCCURRING  AS  SNOW  (INCHES) 
C      TFORAIN  -  THE  TEMPERATURE  FOR  COMPUTING  THE  DEPLETION  OF  THE  TOTAL 
C  CALORIE  DEFICIT  CAUSED  BY  THE  RAIN  (DEGREFS  C) 

C       TFORSNO  -  THE  TEMPERATURE  FOR  COMPUTING  THE  CONTRIBUTION  OF  THF 
C  SNOW  TO  THt  TOTAL  CALORIE  DEFICIT  (DEGREES  CI 
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c 

COMMON  ACTDATE,ACTUAL(21),AVETEMC,AVETEMF 

COMMON  BASTEMF 

COMMON  CALAIR,CALDEF,CALORIE,CALSNOW,COVDEN 

COMMON  DATE. DATES  I  3), DEN, DENSITY, DREADY 

COMMON  ENGBAL 

COMMON  F00TN0TI16) .FREEWAT 

COMMON  HOLOCAP 

COMMON  IDATEI372) , ISNOW, ITABLE 

COMMON  KOUNT 

COMMON  LASTUSD, LINES 

COMMON  NEXTACT 

COMMON  OBSWEQV 

COMMON  PACKTEM, PART  ICE, PAST  I  NT, PLOTOBS.PLOTWE, PRECIP. PRE WEQV 

COMMON  RAD  IN, RADLWN, RADSWN, REFLECT 

COMMON  SIMTEM1 I  3 ) , SI MTEM2 , S I MTE M3 , SNOMELT , SOBSEOV I  372) , 
1         SPRECIPI372) .SPREQV (372) .SUBTITL! 8) 

COMMON  TCOEFF,TEMPMAX,TEMPMlN,THRSHLO,TITLE(B),TOTPREC 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE, DATES. DREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT.PLOTOBS.PLOTWE 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 

C0MM0N/C0NVERT/FIVE9TH.THIRTY2 

C COMPUTE  THE  AMOUNT  OF  PRECIPITATION  OCCURRING  AS  SNOW  BY 

C AMOUNT  SNOW  =  P  *  11.0  -  B/AI,  WHERE 

c p  =  PRECIPITATION  IN  INCHES 

c B  =  DAILY  MAXIMUM  TEMPERATURE  -  BASE  TEMPERATURE  (DEGREES  F) 

C A  =  DAILY  MAXIMUM  TEMPERATURE  -  MINIMUM  TEMPERATURE  (DEGREES  Fl 

B  =  TEMPMAX  -  BASTEMF 

A  =  TEMPMAX  -  TEMPMIN 

AMTSNOW  =  PRECIP  *  (1.0  -  (B/AII 

c N0W  COMPUTE  THE  AVERAGE  TEMPERATURES  (DEGREES  C)  WHICH  PRODUCE 

C SNOW  AND  RAIN 

TFORSNO  =  (((TEMPMIN  ♦  BASTEMF)  »  0.5)  -  THIRTY2)  *  FIVE9TH 

TFORAIN  =  (((TEMPMAX  +  BASTEMF)  *  0.51  -  THIRTY2)  »  FIVE9TH 
c COMPUTE  THE  EFFECT  OF  THE  SNOW  ON  THE  SNOWPACK 

CALL  SNOWED  I TFORSNO, AMTSNOW ) 

C COMPUTE  THE  EFFECT  OF  THAT  PORTION  OF  THE  PRECIPITATION  OCCURRING 

C AS  RAIN  ON  THE  SNOWPACK 

CALL  RAINEO  ( TFORAI N, PREC I P-AMTSNOW ) 

RETURN 

END 


Subroutine  RADBAL 


Subroutine  PLOTTER 


SUBROUTINE  PLOTTER 
C THIS  SUBROUTINE  CONTROLS  THE  PLOTTING  OF  THE  MODEL  OUTPUT 

COMMON  ACT0ATE,ACTUAL(21) , AVETEMC , AVETEMF 

COMMON  BASTEMF 

COMMON  CALAIR,CALDEF,CALORIE,CALSNOW,COVDEN 

COMMON  DATE, DATES! 3) , DEN, DENSI TY, DREADY 

COMMON  ENGBAL 

COMMON  FOOTNOT! 16) .FREEWAT 

COMMON  HOLDCAP 

COMMON  1DATEI372) , ISNOW.ITABLE 

COMMON  KOUNT 

COMMON  LASTUSD, LINES 

COMMON  NEXTACT 

COMMON  OBSWEQV 

COMMON  PACKTEM,PARTICE,PASTINT,PLOTOBS,PLOTWE,PRECIP,PREWEQV 

COMMON  RAD  I N , RADLWN.RAOSWN, REFLECT 

COMMON  SIMTEMK3)  ,  S  I  MTEM2  ,  S  I  MTEM3,  SNOMELT  ,  SOBSEQV!  3  72  )  , 
1         SPRECIPI372) ,SPRE0V(372I .SUBTITL (8) 

COMMON  TCOEFF, TEMPMAX, TEMPMI N, THRSHLO, TITLE  I  8 l.TOTPREC 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE, DATES, OREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT.PLOTOBS.PLOTWE 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 

DIMENSION  LEGEND(B) 

OATA  LEGEND/  80H1  =  PREDICTED  WATER  EQUIVALENT,  2  =  OBSERVED  WATER 
1  EQUIVALENT,  3  =  PRECIPITATION/ 
C TURN  OFF  THE  AUTOMATIC  PAGE  EJECT 

WRITE  16,910) 
910  FORMAT(*Q*l 
C INITIALIZE  THE  PLOT  ROUTINE 

CALL  TSPLOT  ( 3 ,0 ,0 ,0 ,0 ,0 ,0 , XMAX ,0.0 , I  DATE ( 1 ) , 7,-1 ) 
C PLOT  ONE  LINE  FOR  EACH  INTERVAL 

DO  10  I  =  1, KOUNT 
10  CALL  TSPLOT  ( 3 , SPREQV ( I ) , SOBSEQV (  I ) , SPREC IP (  I  1 , 0.0, 0.0, 0.0, XMAX , 
1  O.O.IDATEI I ) ,7,1  ) 
C WRITE  THE  TITLE  AND  OTHER  IDENTIFYING  INFORMATION 

WRITE  (6,920)  TI  TLE , SUBTI TL , TCOEFF , COVOEN, LEGEND, FOOTNOT 
920  F0RMAT(lH026X8A10/27X8A10/»  TRANSMI  SI  V  I  TY  COEFFICIENT  =*F4.2,7<.X 

1  *COVER  DENSITY  =»F4.2/ 1H0 , 19X»PL0T  LEGEND  --  *8 A10// 1H01 3A 10/ IX 

2  3A10) 

C TURN  THE  AUTOMATIC  PAGE  EJECT  BACK  ON 

WRITE  (6,930) 
930  FORMAT(*R*) 
RETURN 
END 


SUBROUTINE  RADBAL 

C THIS  SUBROUTINE  COMPUTES  THE  RADIATION  BALANCE  AND  TRANS 

C CONTROL  TO  THE  DIFFUSION  MODEL  IF  IT  IS  NEEDED 

C 

C DICTIONARY 

C 

C       SNOCAN  -  THE  LONGWAVE  RADIATION  RALANCE  BETWEEN  THE  SNOW 
C  CANOPY 

C       SNOSKY  -  THE  LONGWAVE  RADIATION  BALANCE  BETWEEN  THE  SNOW 
C  SKY 

COMMON  ACTDATE, ACTUAL! 21), AVETEMC, AVETEMF 

COMMON  BASTEMF 

COMMON  CALAIR,CALDEF,CALORIF,CALSNOW,COVDEN 

COMMON  DATE, DATES! 3), DEN, DENSITY, DREADY 

COMMON  tNGBAL 

COMMON  FOOTNOT ( 16) .FREEWAT 

COMMON  HOLDCAP 

COMMON  IDATEI372) , ISNOW.ITABLE 

COMMON  KOUNT 

COMMON  LASTUSD, LINES 

COMMON  NEXTACT 

COMMON  OBSWEQV 

COMMON  P ACKT EM, PART  ICE, PAST  INT, PLOTOBS.PLOTWE, PRECIP, PR EV 

COMMON  R AD  IN, RADLWN.R AD SWN, REFLECT 

COMMON  SIMTEM1 (3) , S I MTE M2 , S I MTFM3 , SNOMELT , SOBSEQV ( 372) 
1         SPREC1PI372) , SPREQV ( 372) .SUBTITL (8) 

COMMON  TCOEFF, TEMPMAX, TEMPM I N.THRSHLD, TITLE (8 l.TOTPREC 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE, DATES, DREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT.PLOTOBS.PLOTWE 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 

C0MM0N/C0NVFRT/FIVE9TH.THIRTY2 
-COMPUTE  THE  CALORIC  INPUT  FROM  NET  SHORT  WAVE  RADIATION  Al 

-  FUNCTION  OF  THE  REFLECTIVITY 
RADSWN  =  RAOIN  *  (1.0  -  REFLECT)  *  TCOEFF 

-IF  THE  PRECIP  WAS  SNOW,  THE  NET  LONG  WAVE  RADIATION  BALANN 

-  ASSUMED  TO  BE  ZERO 
IF(ISNOW)  20,20,10 
KAOLWN  =  0.0 
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C 

c 

c 
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L 
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c 
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CALAIR  =  1.17E-7  *  ((AVETEMC  ♦  273.16)  **  4 ) 

USE  =    AVETEMC 

IF  THE  SNOWPACK  IS  ISOTHERMAL,  USE  THE  MINIMUM  TEMPERATORI 

COMPUTING  THE  BACK  RADIATION 
IF(CALDEF.EQ.O.O)  USE  =  (TEMPMIN  -  THIRTY2)  »  F1VE9TH 
UNDER  NO  CIRCUMSTANCES  MAY  THE  TEMPERATURE  FOR  COMPUTING 

RADIATION  BE  GREATER  THAN  ZERO 
IF(USE.GT.O.O)  USE  =  0.0 

CALSNOW  =  1.1TE-7  *  (IUSE  ♦  273.16)  **  4) 
COMPUTE  THE  LONG  WAVE  RADIATION  COMPONENTS  AS  A  FUNCTION  HI 

FIRST,  DETERMINE  WHETHER  THE  SKIES  ARE  CLEAR  OR  CLOUDY 
IF(PRECIP)  30, 30, 40 
WITH  CLEAR  SKIES,  THE  DOWNWARD  LONGWAVE  RADIATION  COEFFICI 


„: 


V 


EM1110-2-1406,  US  ARMY  CORPS 


-  CALSNOW) 

IS  1.0  BENEATH 


■  .757  (RUNOFF  FROM  SNOWMELT 

■  ENGINEERS,  1960,  PAGE  7) 
SNOSKY  =  (1.0  -  COVOEN)  *  ((0.757  *  CALAIR) 

■THE  DOWNWARD  LONGWAVE  RADIATION  COEFFICIENT 

■  FOREST  CANOPY  (OR  BENEATH  CLOUDY  SKIES) 
SNOCAN  =  COVOEN  *  (CALAIR  -  CALSNOW) 
RADLWN  =  SNOCAN  ♦  SNOSKY 
GO  TO  50 

•WITH  CLOUDY  SKIES.  WHEN  THE  DOWNWARD  LONGWAVE  RADIATION  CO  J 

•  CIENT  IS  1.0  INSTEAD  OF  .757,  THE  ABOVE  THREE  EQUATIONS  Ml 

•  REDUCED  ALGEBRAICALLY  TO  THE  FOLLOWING  SINGLE  EQUATION 
RAOLWN  ■  CALAIR  -  CALSNOW 

■COMPUTE  THE  CALORIC  INPUT  OR  LOSS  FROM  THE  NET  EFFECT  OF  SI 

■  WAVE  AND  LONG  WAVE  RADIATION 
CALORIE  =  RADSWN  +  RADLWN 

■THE  SNUWPACK  TEMPERATURE  DIFFUSION  MODEL  (LEAF,  1970,  STUD 

■  FS-RM-1602,  NO.  224.   ROCKY  MOUNTAIN  FOREST  AND  RANGE  EXP 

■  INCORPORATED  TO  CONTROL  THE  SNOWPACK  TEMPERATURE  AND  COLD 

■  DURING  NON-ISOTHERMAL  CONDITIONS.   SEE  NOW  IF  THE  DIFFUSII 

-  HAS  BEEN  INITIALIZED.   IF  SO,  GO  THROUGH  THE  LINKING  ROUT  li 

■  WHICH  INTERFACES  THE  DIFFUSION  MODEL  WITH  THE  RADIATION  Bil 
IF(DREADY)  60,70,60 
CALL  LINK  (IRETURN) 
IF(IRETURN)  70,70,90 
IF(CALORIE)  80,90,100 
CALL  CALOSS  (CALORIE) 
RETURN 

CALL  CALIN  (CALORIE) 
RETURN 
END 


Subroutine  RAINED 


SUBROUTINE  RAINED  ( TFORAI N , AMTR A  1 N ) 

C THIS  SUBROUTINE  COMPUTES  THE  EFFECT  OF  RAIN  ON 

C 


18 


WE. PRECIP, PREWEOV 

OBSEQVI372), 

(81.TOTPREC 


;tionary 

■rain  -  the  amount  of  precipitation  occurring  as  rain  (inches) 

rain  -  the  depletion  of  the  total  calorie  deficit  by  this  rain 

(calories! 
1rain  -  the  temperature  for  computing  the  depletion  of  the  total 

calorie  deficit  caused  by  this  rain  (degrees  c) 

ihon  actdate,actual(21i ,avetemc,avetemf 

imon  bastemf 

imon  calair.caldef.calorie.calsnow.covden 

imon  date.datesi3) , den, dens  i ty, oready 

imon   engbal 

imon  f00tn0ti16) .freewat 

imon  holdcap 

imon  idatei372)  ,  i  snow  ,  i  table 

imon  kount 

imon  lastusd, lines 

imon  nextact 

imon  obsweqv 

imon  packtem,partlce,pastint,plotobs,plot 

imon   radin.radlwn.radswn, reflect 

imon  simteml (31 , s i mtem2 , s 1 mtem3 , snomelt , s 

sprecip(372).spreqv(372) ,subtitl(8) 
imon  tcoeff.tempmax.tempmin.thrshld.title 
imon  usemean 
imon   xmax 
eger  actdate 
eger  date, dates, dready 
eger  footnot 

eger  pastint.plutobs.plotwe 
eger  subtitl 
eger  title 
'eger  usemean 

)  this  amount  of  precipitation  to  the  pre 
weqv  =  preweqv  ♦  amtrain 

if  there  is  a  calorie  deficit  in  the  pa 
caldef.le.o.o)  go  to  50 
pute  the  amount  of  rain  at  this  tempera! 
pe  out  the  deficit  and  compare  it  kith  t 
need  =  caldef/i (80.0  ♦  tforaini  «  2.5*) 
pare  =  amtrain  -  amtneed 

COMPARE)  20,10,40 

RE  HAS  JUST  ENOUGH  TO  WIPE  OUT  THE  DEFIC 

DEF  =  0.0 

KTEM  =  0.0 

TO  30 

RE  MAS  NOT  ENOUGH  TO  WIPE  IT  OUT  COMPLET 

IE  DEFICIT 

DEF  =  CALDEF  -  (180.0  ♦  TFORAIN)  «  AMTRA 

KTEM  =  -CALDEF/(PREWEQV*1.27) 

ALL  THE  RAIN  TO  THE  PACK  AS  ICE  AND  GET 
PAC1TY 

TICt  =  PARTICE  ♦  AMTRAIN 
DCAP  =  0.04  »  PARTICE 
URN 

RE  WAS  MORE  THAN  ENOUGH  TO  WIPE  OUT  THE 
OZEN  PART  TO  THE  ICE  AND  GET  THE  NEW  HOL 
DEF  =  0.0 
KTEM  =  0.0 

TICE  =  PARTICE  ♦  AMTNEED 
DCAP  =  0.04  *  PARTICE 

AMOUNT  OF  RAIN  NOT  FROZEN  IS  FREE  WATER 
LORIC  INPUT  TO  THE  PACK 
EWAT  =  COMPARE 

L  CALIN  (TFORAIN  •  COMPARE  «  2.54) 
URN 

OF  THE  RAIN  IS  ADDED  TU  THE  FREE  WATER 
PUT  TO  THE  PACK 
EWAT  =  FREEWAT  ♦  AMTRAIN 
L  CALIN  (TFORAIN  ♦  AMTRAIN  ♦  2.54) 
URN 


DICTED  WATER  EQUIVALENT 


URE  THAT  IS  NEEDED  TU 
HE  ACTUAL  AMOUNT 


ELY.   JUST  DEPLETE 
IN  «  2.54) 
THE  NEW  HOLDING 


DEFICIT.   ADD  THE 
DING  CAPAC ITY 


AND  CONTRIBUTES 


AND  CONTRIBUTES  CALORIC 


ine  RDPACK 


ROUTI 
S    SUB 

RD  AN 
i  CALL 
(MON 
IMON  B 
IMON  C 
IMON  D 
(MON  E 
(MON 
,|MON  H 
IMON  I 

MON 
(MON 
JMON  N 
JMON  0 
IMON 
iMON  R 

HON  S 

S 
IMON  T 

MON  U 

MON 

EGER 

EGER 

EGER 

EGER 

EGER 

EGEK 


NE  RDPACK 

ROUTINE  READS  THE  ACTUAL  OR  OBSERVED  SNOWPACK  TEMPERATURE 
ID  INITIALIZES  THE  DIFFUSION  MODEL  (SUBROUTINE  DIFMOD).   IT 
ED  WHENEVER  COL  70  OF  AN  INPUT  CARO  IS  NOT  BLANK  OR  ZERO 
CTDATE,ACTUAL(21) , AVETEMC , AVETEMF 
ASTEMF 

ALAIR,CALDEF,CALORIE,CALSNOW,COVDEN 
ATE, DATES (3) , DEN, DENS ITY, DREADY 
NGBAL 

OOTNOTI 16) .FREEWAT 
OLDCAP 

0ATEI372) , ISNOW, ITABLE 
UUNT 

ASTUSD, LINES 
EXTACT 
IBSWEOV 

1  AC KTEM, PARTICE.PASTI NT, PLOT  OB S.PLOTWE, PRECIP, PREWEQV 
AD  IN, RAOLWN.RAOSWN, REFLECT 

IMTEMl (3) , SI MTEM2, SI MTEM3, SNOMELT, SOBSEOVI 3721, 
,PRECIP(372I ,SPRE0V(372) ,SUBTITL(8) 
C0EFF,TEMPMAX,TEMPM|N,THRSHLD,TITLE(B),TOTPREC 
ISEMEAN 
MAX 

ACTDATE 

DATE, DATES, DREADY 
FOOTNOT 

PASTINT.PLOTOBS.PLOTWE 
SUBTITL 
TITLE 


INTEGER  USEMtAN 

READ  (5,910)  I .ACTDATE .ACTUAL 
910  F0RMATU10.1XI6.71F  3.1  I 

C BE  SURE  THIS  IS  AN  OBSERVED  PACK  TLMPfcRATUH 

C DATE  IS  THE  SAME  AS  JHF  CARD  JUST  RFAD  BY 

c NQT<  ABORT  THE  JOB 

IF( I .EQ. 10H0BS  PACK  T)  GO  TO  20 
10  PRINT  920, DATE, NE XTACT 
920  FORMAT(»lTHE  INPUT  CARD  DATED»I7,»  INDICATE 
1  TEMPERATURE  CARD  WAS  NEXT  (COL  70  CONTAINL 
2R  COLUMNS  1  -  10  OF  THE  NEXT  CARO  DO  NOT  CO 
3HE  DATES  ARE  NOT  THE  SAME*) 
CALL  SYSTEM  (999.12H-J0B  ABORTED) 
20  IFIDATE  -  ACTDATE)  10,30,10 

C GET  THE  ACTUAL  AVERAGE  SNOWPACK  TEMPERATURL 

C IN  ARE  ALL  POSITIVE  -  THE  NEGATIVES  WILL  B 

c SUBROUTINE) 

30  DUMMY1  =  1.0 

DUMMY2  =  ACTUALI20) 
1)0  60  I  =  I  ,19 

C WATCH  FOR  BLANKS  TU  PREVENT  AVERAGING  ZEROE 

c NEGATIVE  ZERO,  WHICH  MAY  BE  DETECTED  BY  TH 

IFIACTUALI I  1 )  50,40,50 
40  IFISIGNI 1.0, ACTUAL! I ) ) )  70,70,50 
5U  DUMMY1  =  DUMMY1  ♦  1.0 
60  DUMMY2  =  DUMMY2  ♦  ACTUAL! I) 

C COMPUTE  THE  AVERAGE 

70  SIMTEM3  =  -  DUMMY2/DUMMY1 

C FILL  IN  -SIMTEMl-  WITH  THE  OBSERVED  TEMPERA 

C AVERAGE  AIR  TEMPERATURE 

SIMTEMK1)  =  AM1N1  (  AVE  TEMC  ,0.0  I 

C GROUND  TEMPERATURE 

SIMTEMl (  3)  =  -  ACTUALI20) 

c F|N0  THE  MEDIAN  DFPTH  OF  THE  PACK  FROM  THE 

WEQV  =  PREWEOV  ♦  PRECIP 

C IF  THE  DENSITY  WAS  NOT  SPECIFIED  ON  THfc  INP 

C A  FUNCTION  OF  THE  WATER  EQUIVALENT.   (THE 

t FROM  1969  OBSERVED  CONDITIONS  ON  THE  FRASE 

1FIDEN)  90,90,80 
80  DENSITY  =  DEN 

GO  TO  100 
90  DENSITY  =  (EXPII0.0179  *  WEQV)  ♦  3.02)1/100 

C DEPTH  =  WEQV/DENSITY 

C MEDIAN  =  DEPTH/2 

10U  DUMMY1  =  WEQV/(DENSITY  ♦  DENSITY) 

t INTERPOLATE  BETWFEN  THE  ACTUAL  TEMPERATURES 

C DEPTH  TO  OBTAIN  THE  TEMPERATURE.   (THE  SUB 

C ABOVE  IT  IS  FOUND  BY  TRUNCATING  THE  OUOTIE 

C DIVIDED  BY  THE  DISTANCE  BETWEEN  MEASUREMFN 

C IS  LINEAR) 

SUBSCRP  =  DUMMY1/ACTUALI2I ) 
I  =  SUBSCRP 
TRUNCAT  =  I 

SIMTEMK2)  =  -  ACTUAL(I)  -  (IACTUAL1I)  -  AC 
1  SUBSCRP)) 

C INDICATE  THAT  THE  DIFFUSION  MODEL  HAS  BEEN 

C READY  FOR  USE 

DREADY  =  1 

Pt  IIIHN 

END 


T  CARD  ANO  THAT  T  HI 
SUBROUTINE  READER .   1) 


D  THAT  AN  OBSERVED  PACK 
D  A»I2,».»  /*OBUT  FITHF 
NTAIN  -DBS  PACK  T-  OR  T 


(THE  TEMPEKATURI 
C  INSERTED  HY  THIS 


S  (A  BLANK  IS  RCAO  AS  A 
E  FOLLOWING  TWO  TESTS) 


START  WI TH  IMS 


WATER  EQUIVALENT 

UT  CARO,  COMPUTE  IT  AS 
FUNCTION  WAS  DERIVED 
R  EXPERIMENTAL  FOREST) 


ON  EITHER  SIDE  OF  THIS 
SCRIPT  OF  THE  TEMP 
NT  OF  THIS  DEPTH 
TS.   THE  INTERPOLATION 


TUALI 1*1)1  »  (TRUNCAT  - 
INITIALIZED  AND  IS 


Subroutine  READER 

SUBROUTINE  READER  (IEND 

C THIS  SUBROUTINE  READS  A 

t TEMPERATURES 

COMMON  ACTDATE, ACTUALI2 

COMMON  BASTEMF 

COMMON  CALAIR, CALDEF, CA 

COMMON  DATE,DATES(3),DE 

COMMON  ENGBAL 

COMMON  f OOTNOT ( 16) .FREE 

COMMON  HOLDCAP 

COMMON  IDATEI372) .ISNOW 

COMMON  KOUNT 

COMMON  LASTUSD. LINES 

COMMON  NEXTACT 

COMMON  08SWE0V 

COMMON  PACKTEM, PARTICE 

COMMON  RADIN.RAOLWN.RAD 

COMMON  SIMTEMl (3) .SIMTE 
1         SPRECIPI372) ,SPR 

COMMON  TCOEFF.TEMPMAX.T 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTDATE 

INTEGER  DATE. DATES. OREA 

INTEGER  FOOTNOT 

INTEGER    PASTINT.PLOTOBS 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 

COMMON/ CONVERT /F I VE9TH, 
C READ  A  CARD  ANO  CHECK  F 

READ  (5,900)  DATES, RADI 
1  NEXTACT 
900  F0RMAT(3I2.F4.0,7X,2F4. 

IF(E0F(5I)  20.20,10 
10  IEND  =  1 

RETURN 
20  IENO  =  0 

DATE  =  DATES! 1 )»10000  ♦ 

IFIDATE)  70,70,30 
q COMPUTE  THE  MEAN  TEMPER 


) 

DATA  CARD  AND  COMPUTES  THE  AVERAGE 

1) . AVETEMC, AVETEMF 

LORIE.CALSNOW.COVDEN 
N, DENSITY, DREADY 

WAT 

, ITABLE 


PASTINT, PLOT  OB S, PL OTWE, PR FC1P, PREWEOV 
SWN, REFLECT 

M2,SIMTEM3,SNOMELT,SOBSEQV(3  72l , 
EQVI 372) .SUBTITL 181 
EMPMIN.THRSHLO.TITLE! 8I.T0TPREC 


OY 
PLOTWE 


THIHTY2 

OR  THE  END  OF  FILE 

N,TF>">MAX.TE MP rf IN, OBSWEQV, PRECIP. DEN, 

1 .14X3F5.7, 15X I  1 ) 


DATES(2)M00  ♦  0ATESI3) 
ATI. RE  IN  FARENHEIT,  THEN  CONVERT  IT  TO 


1!) 


c CENTIGRADE 

30  AVETEMF  =  (TEMPMAX  *  TEMPMIN)  •  0.5 

AVETEHC  =  (AVETEMF  -  THIRTY2)  •  FIVE9TH 

IF(USEMEAN)  50,50,40 
40  TEMPMAX  =  AVETEMF 

TEMPMIN  =  AVETEMF 

c SEE  IF  THE  NEXT  CARD  IS  AN  ACTUAL  PACK  TEMPERATURE  CARD 

50  IF(NEXTACT)  70,70,60 
60  CALL  RDPACK 
70  RETURN 

END 

Subroutine  SNOWED 

SUBROUTINE  SNOWED  I TFORSNO. AMTSNOW 1 

c THIS  SUBROUTINE  COMPUTES  THE  EFFECTS  OF  A  SNOW  EVENT  ON  THE 

c SNOWPACK 

C 

C DICTIONARY 

C 

C      AMTSNOW  -  THE  AMOUNT  OF  PRECIPITATION  OCCURRING  AS  SNOW  (INCHES) 
C      CALSNOW  -  THE  CONTRIBUTION  OF  THIS  SNOW  TO  THE  TOTAL  CALORIE 
C  DEFICIT  (CALORIESI 

C       TFORSNO  -  THE  TEMPERATURE  FOR  COMPUTING  THE  CONTRIBUTION  OF  THIS 
C  SNOW  TO  THE  TOTAL  CALORIE  DEFICIT  (DEGREES  C) 

C 

COMMON  ACTDATE, ACTUAL (2 ll.AVETEMC. AVETEMF 

COMMON  BASTEMF 

COMMON  CALAIR.CALDEF.CALORIE.CALSNOW.COVDEN 

COMMON  DATE.DATES(3).DEN,DENSITY,DREADY 

COMMON  ENGBAL 

COMMON  F0CTN0TI16) .FREEWAT 

COMMON  HOLDCAP 

COMMON  IDATE1372I , ISNOW.ITABLE 

COMMON  KOUNT 

COMMON  LASTUSDiLINES 

COMMON  NEXTACT 

COMMON  OBSWEOV 

COMMON  PACKTEM,PARTICE,PASTINT,PLOTOBS,PLOTWE,PRECIP,PREWE0V 

COMMON  R AD  I N, RADLWN.RAOSWN, REFLECT 

COMMON  SIMTEM1(3),S1MTEM2,SIMTEM3,SNOMELT,SOBSEOV(372), 
1         SPRECIP(372I.SPRE0V(372) ,SUBTITL(8) 

COMMON  TCOEFF, TEMPMAX, TEMPMINtTHRSHLD, TITLE (8), TOT PREC 

COMMON  USEMEAN 

COMMON  XMAX 

INTEGER  ACTUATE 

INTEGER  DATE, DATES, DREADY 

INTEGER  FOOTNOT 

INTEGER  PASTINT.PLOTOBS.PLOTWE 

INTEGER  SUBTITL 

INTEGER  TITLE 

INTEGER  USEMEAN 

I  SNOW  =  1 

C ADD  THIS  AMOUNT  OF  PRECIPITATION  TO  THE  PREDICTED  WATER  EQUIVALENT 

C AND  GET  THE  NEW  HOLDING  CAPACITY 

PREWEQV  =  PREWEOV  ♦  AMTSNOW 

PARTICE  =  PARTICE  ♦  AMTSNOW 

HOLDCAP  =  0.04  »  PARTICE 

c THE  SN0W  FALLIMG  WHEN  THE  TEMPERATURE  IS  BETWEEN  35  AND  32  DEGREES 

C DOES  NOT  ALTER  THE  CALORIC  DEFICIT 

IFITFORSNO.GE.0.0)  RETURN 

C COMPUTE  THE  CALORIE  DEFICIT  FOR  THIS  SNOW  BY  THE  EQUATION 

C CALORIE  DEFICIT  =  S(II»DELTA  T*P,  WHERE 

C Sll)  =  SPECIFIC  HEAT  OF  ICE  (.5  CAL/CM/DEGREES  CI, 

C DELTA  T  =  CHANGE  IN  TEMPERATURE  WITH  RESPECT  TO  FREEZING  (0.0 

C DEGREES  CENTIGRADE),  AND 

c p  =  PRECIPITATION  IN  CM  (CONVERSION  FACTOR  =  2.54  CM/IN). 

c THEREFORE,  CALORIE  DEFICIT  =  0.5  *  (TFORSNO)  »  (AMTSNOW  »  2.54) 

CALL  CALOSS  (TFORSNO  *  AMTSNOW  *  1.27) 

RETURN 

END 

Subroutine  STORE 


SUBROUT 

C STORE  T 

COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
COMMON 
1 
COHMON 
COMMON 
COMMON 
INTEGER 
INTEGER 
INTEGER 
INTEGER 
INTEGER 
INTEGER 
INTEGER 
C KEEP  TR 


INE  STORE 

HE  INFORMATION  NEEDED  FOR  THE  PLOT 

ACTDATE,ACTUAL(21I , AVE TEMC , AVETEMF 

BASTEMF 

CALAIR,CALDEF,CALOR1E,CALSNOW,COVDEN 

DATE.DATESI3) ,DEN, DENS  I TY , ORE AOY 

ENGBAL 

F00TN0TI16) .FREEWAT 

HOLDCAP 

IDATEI372) .ISNOW.ITABLE 

KOUNT 

LASTUSD, LINES 

NEXTACT 

OBSWEQV 

PACKTEM, PART  ICE. PASTINT.PLOTOBS.PLOTWE, PREC IP, PREWEQV 

RAD  IN, RADLWN.RAOSWN, REFLECT 

SIMTEMK3I  ,SIMTEM2,SIMTEM3,SNOMELT,SOBSEQV(372), 

SPRECIP(372),SPREQV(372I ,SUBTITLI8) 

TCOEFF, TE MPMAX.TEMPM I N.THRSHLD, TITLE (8), TOT PREC 

USEMEAN 

XMAX 

ACTOATE 

DATE, DATES, DREADY 

FOOTNOT 

PASTINT.PLOTOBS.PLOTWE 

SUBTITL 

TITLE 

USEMEAN 
ACK  OF  THE  LARGEST  VALUE  FOR  SCALING  THE  PLOT 


XMAX  =  AMAX1  (XMAX, OBSWEQV, PREWEQV) 
c INCREASE  THE  COUNTER 

KOUNT  =  KOUNT  ♦  1 

IDATE(KOUNT)  =  DATE 

SPRECIPI KOUNT)  =  PRECIP 

SPREQV(KOUNT)  =  PREWEQV 

1FIPL0T0BS)  10,10,20 

C BY  STORING  A  NUMBER  OUTSIDE  THE  LIMITS  OF  THE  PLOT, 

C IGNORED 

10  SOBSEQV(KOUNT)  =  -1.0 

RETURN 

c THE  OBSERVED  WATER  EQUIVALENT  IS  TO  BE  PLOTTED 

20  SOBSEQV(KOUNT)  ■  OBSWEQV 

RETURN 

END 


Subroutine  TSPLOT 


SUBROUTINE  TSPLOT ( MX, XI, X2,X3,X4,X5,X6. XMAX, XMIN, IT, INI 

C THIS  ROUTINE  DOES  THE  ACTUAL  PLOTTING 

C.  HWANG,  A.C.  HOGGATT    1  JULY,  1962 
ARGUMENTS 
MX=NUMBER  OF  VARIABLES  TO  BE  PLOTTED,  LESS  THAN  OR  EQUAL 
X1=VALUE  ATTACHED  TO  FIRST  VARIABLE.  PLOTTING  SYMBOL  WILL 
X2=VALUE  ATTCHED  TO  SECOND  VARIABLE 
X3 


III 
(I 

J.. 

■• 

.■' 
|ll 
»l 
111 
■' 
l!' 
19 
:.' 


PLOTTING    SYMBOL    WILL 


X6  AND  SO  ON  FOR  XN 

XMAX=UPPER  END  OF  ORDINATE  SCALE 

XMIN=LOWER  END  OF  ORDINATE  SCALE 

IT  =ABCISSA  VALUE.  (I.E.,  T,  FOR  XT) 

INT=ABCISSA  LABELLING  INTERVAL.  (I.E.,  EVERY  ICHTH  LINE  OF 

WILL  BE  LABELLED  WITH  VALUE  OF  I DY  ON  HORIZONTAL  AXIS) 

INI T   ^INITIALIZING  PARAMETER,  USED  AS  FOLLOWS. 

INIT  =1,  GRAPH  WILL  COMPUTE  AND  PR9NT  ORDINAT 
AND  PRINT  FIRST  LINE  OF  GRAPH.  SUBSEQUENT  CALL  WILL  PLOT  / 
A  LINE  OF  GRAPH  ONLY. 

INIT   =-1  USED  TO  READY  SUBROUTINE  FOR  PLOTTING  NEiH 
SUBROUTINE  OOES  NO  PLOTTING  OR  PRINTING  WITH  THIS  SETTING  I 
IF  THE  VALUE  OF  SCALING  PARAMETERS  XMIN  AND/OR  XMAX  Dl 
THE  PREVIOUSLY  GIVEN  ONES  WITHOUT  RESETTING  OF  INIT 
WILL  RESET  SCALE  ACCORDING  TO  NEW  XMIN  AND/OR  XMAX  AND 
NEW  ORDINATE  POINT  VALUES  TO  AGREE  WITH  SCALING  OF  PLC! 
INTERNAL  VARIABLES 
CHARS  CONTAINS  BCD  CHARACTERS  USED  AS  PLOTTING  SYMBOL. 
PLOT  HOLDS  THE  HOLLERITH  IMAGE  FOR  ONE  LINE  OF  PLOT. 
XN.  SCALAR  ARGUMENTS  ARE  STORED  IN  THIS  LINEAR  ARRAY. 
DELTA  IS  A  SCALING  PARAMETER,  EQUAL  TO  THE  RANGE  D1VIDE0  f' 
IS  RECOMPUTED  WHEN  NEW  SCALE  IS  INDICATED  (WHEN  INIT 
XMAX  OR  XMIN  VALUE  DIFFERING  FROM  PREVIOUS  VALUE  IS  Gil, 
PASMIN,  PASMAX,  ARE  FOR  REMEMBERING  PREVIOUS  VALUE  OF  XMIfi 
DIMENSION  CHARSI8) ,  PLOT(lll),  0RDPT16),  XN(6) 
EQUIVALENCE! OR DPT (6), PLOT (61) 

DATA   CHARS!  D/1H1/,  CHARS  (  2  )  /  1H2/ ,  CHARS!  3  ) /1H3/ ,  CHAR 
*CHARS(5)/1H5/,  CHARS  16 )/ 1H6/ ,  CHARSI71/1H  /,  CHARS(8)/1I 
DATA  NCALLS/0/.NDY/O/ 
I F  C INIT) 1000,1000,9001 
CALL  WAS  TO  INITIALIZE  ONLY.... 
1000  NDY=0 

NCALLS^O 
GO  TO  701 
COMMENCE  BY  PROTECTING  THE  INDEX  MX 
9001  M=MAX0(MX,1) 
H=MIN0(M,6) 
CONJURE  PLOTTING  CHARACTERS 
3  XN( 1 )=X1 
XN(2)=X2 
XN( 3)=X3 
XN(4)=X4 
XN(5)=X5 
XN(6)=X6 

IF(NOY)  15,15,28 
28  IFIPASMAX-XMAXI  45,40,45 
40   IF(PASMIN-XMIN)  45,80,45 
15  NDY=1 
COMPUTE  AND  PRINT  ORDINATE  POINTS,  SCALE. 
45  AN=(XMAX-XMIN)*.2 
ORDPTI 1 )=XMIN 
NCALLS  =  0 
DO  17  1=2,6 
17  ORDPTI I )=ORDPT( I-ll+AN 

WRITE  (6,100)  (ORDPT(N) ,N=1,6) 
DO  705  N=l,2 
WRITE  (6,101) 
705  CONTINUE 
101  FORMAT!      9X 1H. , 5 ( 2 1X1H. ) ) 

WRITE  (6,800) 
800  FORMAT!      9X1111 1H. ) ) 

100  F0RMAT(1H1,4(E10.3,12X),E10.3,11X,E10.3) 
DELTA=(XMAX-XMIN)/110. 
CLEAR  PRINTER  LINE. 
80  DO  99  K=2, 111 

PL0T(K)=CHARS(7) 
99  CONTINUE 

PLOT! 1)=CHARS(8) 
CAUSE  X  TO  BE  PUT  ON  THE  INTERVAL  (1.111). 
20  DO  34  N=lfM 

L0C=1.5+ I XN(N) -XMIN) /DELTA 
CHECK  FOR  X  WITHIN  THE  INTERVAL  (XMIN, XMAX), 
IF(LOC)  34,34,811 
811  IF(lll-LOC)  34,814,814 
CHARACTERS  FOR  PRINTING  NOW  GET  DROPPED  INTO  PLACE. 
814  PLOT(LOC)=CHARS(N) 


20 


NTINUE 

UTPUT    FORMAT. 

AILS=NCALLS*1 

(MOD(NCALLS.INII  )     8  15  ,2004  ,8  1  5 

T    ONE    LINE    OF    PLOT. 

ITE    16,700)     IT, IPL0T(K),K=1, 111) 

TO  702 
RMATI1H     I6.2H..111A1) 
ITE  (6,6001  IPL0T!K),K=1,111I 
RMAT19H  111A1) 

SMAX=XMAX 
SMIN=XM1N 
OMPLETED. 
TURN 

END 


tine  WRITER 


BROUTINE  WRITER  (CODE) 

IS  SUBROUTINE  KEEPS  TRACK  OF  THE  PRINTING  DETAILS 

HMON  ACTDATE,ACTUAL(21)  ,  AVETEHC  ,  AVETEMF 

MMON  8ASTEMF 

MMON  CALAIR,CALDEF,CALORIE,CALSNOW,COVDEN 

HMON  DATE, DATES! 3  I , DEN, DENS  I T Y .DREADY 

HMON  ENGBAL 

MMON  FOOTNOT! 16) .FREEWAT 

HMON  HOLDCAP 

HMON  IDATEI372) ,ISNOW, ITABLE 

HMON  KOUNT 

HMON  LASTUSD, LINES 

HMON  NEXTACT 

HMON  OBSWEOV 

HMON  PACKTEM,PARTICE,PASTINT,PL0T0BS,PL0TWE,PREC1P,PREWEQV 

1M0N  RADIN.RADLWN.RADSWN, REFLECT 

HMON  SIMTEMK3I  ,  SI  MTEM2  ,  SI  MTEM3  ,  SNOMELT  ,  SOBSEOV  (  3  72  I  , 


1        SPRECIPI372) ,SPRE0V(3  72) ,SUBTITL(8) 
COMMON  TC0EFF,TEMPMAX,TEMPMIN,THRSHLD,TlTLE(8),TnTPRFC 
COMMON  USEMEAN 
COMMON  XMAX 
INTEGER  ACTDATE 
INTEGER  DATE, DATES, DREADY 
INTEGER  FOOTNOT 

INTEGER  PASTINT.PLOTOBS.PLOTWE 
INTEGER  SUBT1TL 
INTEGER  TITLE 
INTEGER  USEMEAN 

C CHECK  THE  LINE  COUNTER 

IFILINES  -  48)  40,10,10 

c SEE  ,F  TH,S  ,s  STARTING  A  NEW  STATION  -  IF  SO,  BYPASS  THE  FOOTNOTE 

10  IFILINEj  -  9991  20,30,30 

C WRITE  THE  FOOTNOTE 

20  WRITE  (6,910)  FOOTNOT 
910  FORMAT! 1H01 3A 1 0/ 1 X3A 10 ) 

C HEADINGS 

30  WRITE  (6,920)  T I TLE , SUBT I TL 
920  FORMAT! 1H1 SOX* SNOWME LT  RUNOFF  SIMULATION  MODFL ♦  / 27X8A 10/2 7X8A10 I 

WRITE  (6,9301  TCOEFF .COVDEN 
930  FORMAT!*  TR  ANSM  I  S  1  V  I  TY  COEFFICIENT  =  »F4  .2  ,  74X*C0VER  DENSITY  =*F7.2 
1) 
WRITE  16,940) 
940  FORMAT!*0*32X»TEMPERATURE  IF)    PRECIP  (IN)        NET  RAD  (CAD 
1ENERGY     SNOWPACK   PREDICTED*/ 

223X*DATE       MAX    MIN    AVE     DAY   ACCUM        SHORT     LONG   B 
3AL  (CAD   TEMP  (C)   W.E.  (IN)*/) 
LINES  =  0 
40  WRITE  (6,950)  DATES , TEMPMAX , TEMPM IN .AVETEMF , PREC IP, TOTPREC .RADSWN, 
1  RADLWN, ENGBAL , PACKTEM , PRE WEQV 
950  FORMAT! 1H020XI2.2I 3,1X3F6.1,2F7.2,3X3F8.1,6XF5.1,5XF6.2) 
LINES  =  LINES  »  2 
RETURN 
END 
111      35    40  -450   634  6000 
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ELEVATION  9800  FT. 


ASPECT  SSE,  SLOPE  30  PERCENT 


12569 

171 

310   90 

OBS  PACK  T 

012569  45  45  45  45  4 

5  45 

12669 

ieo 

400  190 

12769 

LS4 

360  170 

12B69 

L9B 

280   30 

12969 

207 

230  -BO 

13069 

41  ! 

210-180 

13169 

4.'  1 

200-140 

20169 

234 

190-160 

20269 

243 

60-110 

20369 

<.<,[ 

220-230 

20469 

<,<-  7 

360-170 

20569 

*53 

350  -60 

20669 

279 

300   10 

20769 

465 

250   50 

20869 

468 

290  -90 

20969 

471 

370-120 

21069 

294 

370  -80 

21169 

*78 

410   20 

21269 

481 

390   30 

21369 

300 

410   50 

21*69 

■•HH 

360  160 

21569 

304 

370  -40 

21669 

306 

360  120 

21769 

306 

310  -40 

21869 

501 

400-110 

21969 

312 

430   10 

22069 

314 

250  120 

22169 

310 

270  -10 

22269 

509 

310  -90 

22369 

SM) 

330  -90 

22469 

Slu 

360  -10 

22569 

511 

440   30 

22669 

291 

470   60 

22769 

513 

260  -70 

22869 

514 

420  -80 

30169 

279 

410  -90 

08S  PACK  T 

030169  31  31  31  31  31  31 

30269 

275 

380  -90 

30369 

516 

370  -90 

30469 

517 

380   20 

30569 

264 

240  -90 

30669 

260 

320  -80 

30769 

519 

200  -90 

30869 

522 

200-190 

30969 

525 

210-100 

31069 

528 

330-210 

31169 

s  }Q 

280-130 

31269 

263 

270-200 

31369 

536 

210-140 

31469 

539 

370-200 

31569 

541 

420-170 

31669 

544 

480-150 

31769 

5*7 

490   20 

31869 

550 

470  120 

31969 

272 

?9o  nil 

32069 

555 

400  -80 

32169 

558 

500  -40 

32269 

567 

490  140 

32369 

300 

290   60 

32469 

312 

290   70 

32569 

325 

190   50 

32669 

601 

360   50 
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6  1  U 

550  130 

32969 

619 

550  250 

32969 

628 
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33069 

636 

600  270 

33169 

562 

630  320 

40169 

L96 

340  300 

OSS  PACK  T 
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40269 

562 

560  220 

40369  559 
40469  526 
40569  685 
40669  631 
40769  481 
40869  354 
40969  669 
41069  645 
41169  481 
41269  156 
41369  461 
41469  515 
41569  384 
41669  180 
41769  601 
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42369  612 
42469  725 
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42669  466 
42769  616 
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50669  546 
50769  304 
50869  600 
50969  812 
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51269  635 
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51469  586 
51569  419 
51669  388 
51769  766 
51669  689 
51969  504 
52069  738 
52169  658 
52269  567 
52369  530 
52469  711 
52569  718 
52669  802 
52769  618 
52B69  686 
52969  646 
53069  726 
53169  667 
60169  691 
60269  653 
60369  643 
60469  691 
60569  614 
60669  384 
60769  346 
60869  595 
60969  634 
61069  566 
61169  2B8 
61269  403 
61369  490 
61469  403 
61569  307 
61669  480 
61769  221 
61869  422 
61969  595 


580  300 
440  260 
600  260 
5B0  330 
380  180 
480  190 
500  180 
510  260 
520  280 
370  290 
370  270 
450  260 
460  170 
440  190 
450  200 
510  210 
540  260 
570  210 
630  310 
600  360 
620  250 
620  300 
330  150 
320  130 
360  140 

V,  I      II" 

520  290 
530  300 
610  300 
660  330 
630  320 
460  320 
450  320 
360  320 
360  320 
500  180 
600  220 
590  300 
630  340 
580  340 
620  360 
610  320 
460  320 

620  300 
610  380 
700  390 
700  420 
660  160 
650  340 
640  370 
630  350 
760  400 
790  440 
810  480 
760  420 
750  400 
740  420 
410  300 
500  240 
620  260 
570  340 
660  390 
730  460 
640  360 
500  360 
660  360 
670  360 
670  340 
400  320 
460  320 
470  310 
470  320 
450  340 
500  340 
46C  370 
490  370 
600  350 
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62069  63* 
62169  662 
62269  480 
62369  365 
52469  394 
i2569  374 
62669  451 
62769  806 
62869  816 
62969  826 
63069  758 


640  340 
650  310 
530  370 
520  420 
520  350 
390  330 
380  320 
640  310 
720  330 
690  320 
690  310 
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FRASER  EXPERIMENT 
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ELEVATION  10500 

=  T. 
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63 

290  210 
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ASPECT  NE,  SLOPE  35  PERCENT 
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42369 

407 

550 

320 

009 
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240 

000 
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80 
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014 
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009 
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run 
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Abstract 


Three  small  forested  watersheds  (217,  89,  and  190  acres)  on 
the  Vanocker  laccolith  in  the  northeastern  Black  Hills  have  yielded 
surface  runoff  equivalent  to  7.12,  7.57,  and  6.51  inches,  or  25,  27, 
and  23  percent  of  average  annual  precipitation,  water  years  1964-69, 
inclusive.  The  gaging  stations  are  well  sealed  on  bedrock.  Base 
flows  are  negligible.  Hence,  the  net  differences  between  input 
precipitation  and  measured  outflow  closely  approximate  yearly 
evapotranspiration.  Data  such  as  these  provide  for  better  under- 
standing of  the  hydrologic  behavior  of  pine-forested  watersheds  in 
the  interior  Black  Hills,  and  thus  provide  criteria  for  more  en- 
lightened management  prescriptions. 

Keywords:  Water    yield,    hydrology,    evapotranspiration,    Black 
Hills,  Pinus  ponderosa. 
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Water  Yield  Characteristics  of  Three  Small  Watersheds 
in  the  Black  Hills  of  South  Dakota 


Howard  K.  Orr  and  Tony  VanderHeide 


In  1961  the  Forest  Service  started  a  project 
to  gage  and  study  streamflow  and  related  factors 
on  three  small  watersheds  in  the  northeastern 
Black  Hills.  The  study  is  providing  the  most 
complete  and  accurate  inventory  of  water  yield 
above  the  "zone  of  water  loss"  (seepage  into  sedi- 
mentary formations)  in  any  drainage  of  the 
Black  Hills  area.  In  addition  it  is  expected  to 
provide  criteria  that  will  allow  a  better  general 
understanding  of  how  watersheds  function  in 
the  interior  Black  Hills,  and  assist  in  the  design 
of  water  management  prescriptions.  One  of  the 
watersheds  is  presently  being  treated  to 
determine  if  there  are  significant  effects  of 
timber  management,  as  presently  practiced  in 
:  the  Black  Hills,  on  water  yield  and  quality. 

This  report  presents  information  about 
water  yield  through  water  year  1969  in  relation 
to  several  measured  input  variables. 


The  General  Setting 

Climate  in  the  Black  Hills  area  is  of  the 
modified  continental  type  characterized  by 
Johnson  (1949)  as  having  "winters  com- 
paratively cold  and  summers  comparatively 
warm;  by  moderate  precipitation,  low  relative 
humidity,  rapid  evaporation,  and  abundant 
sunshine;  with  few,  some  however  notable, 
exceptions  in  extremes  of  heat  and  cold." 
Average  annual  precipitation  ranges  from  a  low 
of  about  14  inches  on  the  nearby  plains  to  a 
maximum  of  nearly  30  inches  in  the  northern 
and  higher  Hills  (fig.  1). 

Precipitation  is  of  the  plains  type. 
Greatest  concentrations  are  in  the  form  of  rain  in 
late  spring  and  early  summer;  amounts  decrease 
steadily  through  the  summer.  Smallest  amounts, 
mainly  snow,  are  received  in  fall  and  winter. 

The  Black  Hills  are  the  vestigial  remains 
of  a  domal  uplift  from  which  overlying 
sedimentary  formations  have  been  removed  by 
erosion,  exposing  the  crystalline  core  of 
Precambrian  granite  and  metamorphosed  rock 
(fig.  2).  Upwarped  sedimentary  formations 
remain  as  ridges  and  valleys  encircling  the  Hills. 


Recent  Tertiary  intrusive  bodies  (laccoliths) 
occur  at  scattered  locations  across  the  northern 
Hills.  Elevations  range  from  a  minimum  of  3,200 
feet  at  Rapid  City  to  a  maximum  of  7,242  feet 
(m.s.l.)  at  Harney  Peak  in  the  granite  area. 

Soils  range  from  well-developed  podzols  to 
azonal  lithosols,  and  are  widely  variable. 


The  Study  Watersheds 

The  study  area  encompasses  three 
headwater  tributaries  of  Alkali  Creek,  5  to  6 
miles  southwest  of  Sturgis,  on  the  Vanocker 
laccolith  (fig.  2).  The  three  watersheds,  referred 
to  collectively  as  the  Sturgis  Watersheds  (fig.  3), 
are:  No.  1,  217  acres;  No.  2,  89  acres;  and  No.  3, 
190  acres.  These  headwater  tributaries  have 
been  a  main  water  source  for  the  Sturgis 
municipal  water  supply  system  for  many  years. 

According  to  the  best  available  isohyetal 
map  (fig.  1)  the  study  watersheds  lie  in  the  20-  to 
22-inch  precipitation  zone.  Annual  precipitation 
during  the  study  has  averaged  considerably 
above  this  range,  however. 

Rock  type  is  hornblende-biotite  quartz 
latite  porphyry.  Exceptions  are  a  small  cap-area 
of  limestone  in  the  vicinity  of  Veteran  Peak,  the 
high  point  in  the  area  (5,333  feet),  and  a  small 
area  of  metamorphosed  and  highly  mineralized 
sedimentary  rock  in  the  vicinity  of  gaging 
stations  2  and  3,  and  for  some  distance  upstream 
in  both  drainages.  The  parent  porphyry  is  a  fine- 
grained, crystalline  rock,  impervious  except  for 
joints  and  fractures.  For  the  most  part,  the 
porphyry  weathers  slowly  in  the  Black  Hills 
climate.  Although  soils  in  the  watershed  area  arc 
relatively  shallow  (1  to  3  feet)  and  stony,  they 
generally  have  well-developed  horizons  and  are 
classified  in  the  Gray  Wooded  soils  group.  Water 
infiltrates  rapidly.  Underlying  rock  is  fractured 
but  apparently  has  small  storage  capacity.  Void 
space  is  lacking  except  for  joints  and  fractures, 
which  decrease  in  frequency  with  increasing 
depth.  The  combination  of  steep  terrain  and 
shallow,  stony  soil,  underlain  by  relatively 
impervious   bedrock   of  low  storage  capacity, 


Figure   l.—Isohyetal  map  of  average  annual 
precipitation  in  the  Black  Hills  area. 


Sturgis 
watersheds 


Rapid     <=c> 

City        £? 


results  in  quick  response  to  precipitation  and 
rapid  drainout  to  very  low  base  flow. 

Ponderosa  pine  forest  dominates  all  three 
watersheds  (table  1,  fig.  4).  Included  in  the 
forest  classification  is  birch,  aspen,  ironwood, 
and  bur  oak  which  together  occupy  5  percent  of 
total  area  in  watershed  2  and  which  are  also 
found  scattered  along  the  stream  channels  in  all 
three  watersheds.  Other  than  forest  acres,  the 
remaining  area  is  rock  outcrop  or  open  rockslide 
where  there  is  practically  no  vegetation. 

The  small  old-growth  sawtimber  totals 
1,500  or  more  board  feet  per  acre.  Mortality  is 
high  but  there  are  enough  second-growth 
seedlings,  saplings,  and  poles  present  to 
maintain  reasonable  timber  stocking  levels  over 
most  of  the  area.  A  large  proportion  of  the 
seedling-saplings  occur  within  the  sawtimber 
stands  but  some  are  independent.  There  are  also 
some  small  areas  of  sawtimber  with  virtually  no 
tree  understory. 

There  has  been  little  use  or  activity  in  the 
area  for  many  years  except  for  a  small  amount  of 
mountain  pine  beetle  control.  The  area  as  a 
whole  is  in  highly  stable  hydrologic  condition. 
Precipitation  is  gaged  in  a  network  of  seven 
stations  (fig.  3),  the  first  of  which  was  placed  in 
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Tertiary  igneous  intrusive  rocks 


Tertiary  sedimentary  rocks 


Mesozoic  rocks  from  Newcastle  Sandstone 
(Lower  Cretaceous)  to  top  of  Upper  Cretaceous 


Mesozoic  rocks  below  Newcastle  sandstone  (Lower 
Cretaceous).   Includes  Spearfish  Formation, 
which  is  mainly  Triassic  but  partly  Permian. 


Paleozoic  rocks 


<<% 


Precambrian  granite 


Precambrian  metamorphic  rocks 


Figure  2. — Location  of  the  Sturgis  watersheds. 


operation  in  late  fall  1961.  Precipitation 
averages  for  individual  watersheds  have  been 
calculated  by  the  Thiessen  polygon  method  of 
weighting  (Foster  1948,  p.  153).  Automatic 
recording  gages  at  three  of  the  seven  stations 
provide  indices  of  precipitation  intensity, 
frequency,  and  duration. 

Table  1. --Summary  of  forest  types  and  areas  in 
the  Sturgis  watersheds 


Unit  of 

W,,l 

.ersh 

id 

1  tern 

measure 

1 

2 

3 

TOTAL  AREA: 

Acres 

Number 

217 

89 

190 

Forested 

Percent 

87 

97 

98 

Smal 1  sawtimber 

Percent 

76 

90 

79 

Seed  1 ing-sapl ing 

understory 

Percent 

62 

58 

8^ 

Average  basal  area 

Sq.  ft ./acre 

120 

130 

166 

FORESTED  AREA: 

Smal 1  sawt  imber 

Percent 

88 

93 

81 

Seedl ing-sapl ing 

understory 

Percent 

72 

60 

86 

Average  basal  area 

Sq.  f t ./acre 

138 

141 

170 

Figure  3.  — Topography  of  the  Sturgis  watersheds.  Shaded  portion  of  watershed  3 
is  to  receive  first  timber  harvest  treatment. 


Hgure  4. — Looking  west  to  east  across 
Sturgis  watersheds  from  top  of  Veteran 
Peak.  Forest  cover  is  predominantly 
ponderosa  pine,  ranging  from  sapling 
size  to  overmature  sawtimber. 


The  stream  gage  in  watershed  1  was 
onstructed  during  the  summer  of  1962,  and  the 
tation  was  placed  in  operation  December  1, 
962.  Watersheds  2  and  3  gaging  stations  were 
•laced  in  operation  in  November  1963.  The 
tations  are  a  tandem  120  degree  V-notch 
veir/San  Dimas  flume  arrangement  (fig.  5).  The 
/motch  weirs  provide  the  sensitivity  necessary 
or  accurate  measurement  of  low  flows,  and  the 
ectangular  flumes  the  capacity  for 
neasurement  of  high  flows. 


Results 


Vnnual  Yields 


Annual  water  yields  have  averaged  25, 27, 
ind  23  percent  of  annual  precipitation  on 
yatersheds  1,  2,  and  3,  respectively  over  a  period 
tf  6  water  years,  1964  through  1969  (table  2).  A 


water  year  is  defined  as  October  1  through  the 
following  September  30.  The  yearly  amounts 
have  ranged  from  about  27  to  200  percent  of 
average. 

Maximum  yield  did  not  occur  in  the  year  of 
maximum  precipitation  on  any  of  the  three 
watersheds,  nor  did  the  minimum  yields  occur  in 
the  year  of  minimum  precipitation.  These 
seeming  anomalies  are  related  to  seasonal  distri- 
bution of  precipitation  in  relation  to  evapo- 
transpiration  stress.  Greater  amounts  of 
moisture  evaporate  and  are  transpired  during 
periods  of  high  stress,  providing  moisture  is 
available,  and  greater  proportions  of  incoming 
moisture  will  generally  be  lost  the  larger  the 
amount  of  precipitation. 

Watershed  3  has  yielded  significantly  less 
water  than  watersheds  2  or  1  (indicated  by  t-test), 
not  because  evapotranspiration  stress  is  greater, 
but  because  watershed  3  apparently  stores  more 
water  in  the  mantle  within  easy  reach  for  evapo- 
transpiration. 


ngure  5.— Stream  gaging  station,  Sturgis 
watershed  1,  low  discharge  spring  snow- 
melt  runoff.  The  120°  V-notch  weir 
carried  4.43  cubic  feet  per  second  (c.f.s.) 
at  full  head.  Design  discharge  (25-year) 
is  45  c.f.s.  The  San  Dimas  flume  will 
carry  53  c.f.s. 


Table  2. --Annual  precipitation,  water  yield,  and  "loss,"  Sturgis  watersheds  by  water 
year  (October  1  through  September  30) 


Wate 

rshed    1 

Wat 

ershed    2 

Wat 

srshed    3 

Water 

Precipi- 

Precipi- 

Precipi- 

year 

tat  ion 

Yield 

Loss 

tation 

Yield 

Loss 

tat  ion 

Yield 

Loss 

1964 

31.53 

6.55 

24.98 

32.37 

7-30 

25.07 

31.81 

6.32 

25.49 

1965 

34.8/4 

12.85 

21.99 

34.28 

13.62 

20.66 

34.70 

11.94 

22.76 

1966 

24.82 

3.84 

20.98 

23.95 

4.02 

19.93 

24.41 

3.32 

21  .09 

1967 

32.35 

14.29 

18.06 

31.85 

14.53 

17.32 

32.28 

12.36 

19.92 

1968 

24.46 

1.95 

22.51 

24.11 

2.31 

21.80 

24.64 

1.78 

22.86 

1969 

21.18 

3.22 

17.96 

20.59 

3-63 

16.96 

20.94 

3.36 

17.58 

Average 

28.20 

7.12 

21  .08 

27.86 

7.57 

20.29 

28.13 

6.51 

21.62 

Standard 

error 

2.21 

2.14 

1  .11 

2.30 

2.17 
U 

1.23 

2.25 

1.88 

1.12 

25.3 

27-2 

23-2 

1/ 


Yield   percent   of   average  annual    precipitation, 


Seasonal  Distribution 


Both  seasonal  distribution  and  volume  of 
yield  are  governed  primarily  by  the  amount  and 
time  of  occurrence  of  spring  and  early  summer 
precipitation,  markedly  different  from  the 
primary  snowmelt  dependency  of  most  of  the 
Rocky  Mountain  area.  Precipitation  reaches  a 
minimum  through  the  winter  months 
November,  December,  and  January  (table  3), 
although  snow  accumulations  through  these 
months  and  into  March  may  reach  depths  of 
several  feet.  Runoff  during  the  interval 
November  through  February  is  insignificant  in 
relation  to  annual  yield  (less  than  %  of  1  percent 
of  total). 

General  thaw  is  common  from  the  middle 
to  the  end  of  March.  Though  snowmelt  yields 
relatively  little  channel  flow,  it  is  important  for 
mantle  recharge.  Flow  starts  to  rise  in  late 
March,  on  the  average,  and  continues  into  April. 
The   sharp   increase  in  yield  in  April  is  due 


partially  to  melting  of  accumulated  snow,  bul 
more  a  function  of  snow  and  rain  falling  duri 
the  month  (fig.  6).  Flow  does  not  reach  maximi 
until  May  or  June,  long  after  all  snow  usua 
disappears. 

Precipitation  shows  a  substant: 
increase  from  May  to  June  and  is  maximum 
June,  but  flow  does  not  show  a  proportior 
increase.  Moisture  goes  into  rapidly  increasi 
evapotranspiration  rather  than  into  water  yii 
(Orr  1959).  Rain  in  the  months  of  July,  Augu 
and  September  goes  almost  entirely  into  eva 
transpiration  rather  than  to  water  yield.  1 
drop  in  yield  during  these  months  is  mi 
greater  proportionately  than  the  drop 
precipitation. 

The  dominant  role  of  April-June  preci 
tation  in  water  yield  is  illustrated  by  the  fa 
that  (1)  52  percent  of  total  average  ann 
precipitation  falls  during  these  months,  and 
during  this  same  interval  the  watershi 
produce  from  92  to  94  percent  of  their  to 
annual  yield. 


Table  3. --Average  precipitation  and  runoff  by  month,  Sturgis  watersheds,  water  years 
1 964-69  inclusive 


Wat 

ershed  1 

Wat 

ershed  2 

Wat 

ershed  3 

Month 

Precipi- 
tation 

Runo 

ff 

Precipi- 
tation 

Runo 

ff 

Precipi- 
tat  ion 

Runo 

Ff 

Inches 

Inches 

Per- 
centl/ 

Inches 

Inches 

Per- 
cent 

Inches 

Inches 

Per- 
cent 

Oct. 

0.92 

0.030 

0.4 

0.96 

0.045 

0.6 

0.89 

0.035 

0.5 

Nov. 

.84 

.014 

.2 

.82 

.024 

■  3 

.87 

.017 

•  3 

Dec. 

.90 

.004 

.06 

.86 

.014 

.2 

.90 

.010 

.2 

Jan. 

.87 

(I/) 

-- 

.84 

.011 

.1 

•  93 

.006 

.09 

Feb. 

1.34 

Of) 

-- 

1.23 

.007 

.09 

1.37 

.002 

•  03 

Mar. 

1.41 

.084 

1.1 

1  .20 

.117 

1.5 

1.29 

.101 

1.5 

Apr. 

3.42 

1.140 

16.0 

3-23 

1.197 

15.8 

3-39 

1.067 

16.4 

May 

4.72 

2.701 

37.9 

4.86 

2.823 

37.3 

4.79 

2.447 

37.5 

June 

6.32 

2.825 

39.6 

6.41 

2.927 

38.6 

6.30 

2.458 

37-7 

July 

2.82 

.262 

3.7 

2.84 

.301 

4.0 

2.78 

.276 

4.2 

Aug. 

2.44 

.047 

•  7 

2.41 

.067 

.9 

2.40 

.070 

1.1 

Sept. 

2.20 

.021 

•  3 

2.19 

.042 

.6 

2.22 

.033 

.5 

Total 

28.20 

7.129 

27.86 

7.577 

28.12 

6.521 

1/ 


Monthly   runoff   percent  of    total    annual    runoff. 


2/ 


Trace. 


^ater  Losses 


The  annual  loss  of  water  from  the 
/atersheds  —  the  difference  between  precipi- 
ation  input  and  water  yield  output  (table  2)  — 
^osely  represents  total  evapotranspiration.  The 
aging  controls  are  so  well  sealed  to  impervious 
edrock  that  significant  bypass  leakage  is 
.ighly  improbable.  There  also  is  apparently  very 
ninor  carryover  effect  from  one  year  to  the  next, 
udging  from  the  very  low  base  flow  levels 
cached  in  late  summer,  all  three  watersheds 
ave  a  low  ground  water  storage  capacity.  Total 
ields  during  October  through  February  have 
eldom  been  more  than  1  percent  of  total  annual 
ield. 

The  differences  in  losses  between 
watersheds  indicated  in  table  2  are  small  but 
nay  nevertheless  be  real.  Watershed  3  shows  the 
greatest  loss  during  the  study  period.  It  also  has 


the  highest  proportion  of  forested  area,  the 
largest  total  basal  area  and  volume  of  timber  per 
acre,  and  the  greatest  average  depth  and  volume 
of  soil.  From  these  facts  we  can  infer  that  evapo- 
transpiration should  be  greater  from  watershed 
3  than  from  watersheds  1  or  2. 

The  yearly  distribution  of  losses  is 
controlled  by  evapotranspiration  stress.  The 
stress,  which  is  relatively  low  in  winter  and 
spring,  increases  sharply  in  early  summer.  Clues 
to  relative  water  yield  effectiveness  of  precipi- 
tation are  apparent  in  comparing  regressions  of 
annual  flow  on  precipitation  in  different  parts  of 
the  year.  For  example,  January-June  precipi- 
tation was  almost  as  closely  correlated  with  total 
annual  yield  as  with  total  annual  precipitation. 
The  January-May  precipitation  was  even  more 
closely  correlated  with  annual  yield  than  was 
either  annual  precipitation  or  January-June 
precipitation,  and  the  improvement  was 
substantial. 
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Figure  6.— Average  precipitation  and  discharge  in  cubic  feet  per  second  per  square  mile 
(c.s.m.)  for  watershed  2,  water  years  1964-69,  inclusive.  Plotted  values  of  both 
precipitation  and  discharge  are  for  5-day  intervals. 


Summary  and  Conclusions 

Yield  and  general  discharge 
characteristics  of  three  small  watersheds 
(217,89,  and  190  acres)  in  the  northeastern  Black 
Hills  are  described.  Yield  has  averaged  close  to 
25  percent  of  precipitation  through  6  water  years 
—  1964-69.  Snow  is  important  for  mantle 
recharge,  but  greatest  water  yield  comes  from 
rainfall  in  April,  May,  and  June.  During  this 
period  92  and  94  percent  of  yield  is  produced  from 
an  average  52  percent  of  total  annual  precipita- 
tion. Average  annual  evapotranspiration  on 
these  watersheds,  which  have  a  low  and  hence 
relatively  constant  late-season  moisture  storage, 
is  approximately  20.3  to  21.6  inches. 

These  results  provide  the  most  accurate 
and  complete  record  of  yield  and  flow 
characteristics  of  any  small  watersheds  in  the 
Black  Hills.  They  are  providing  the  basis  for 
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evaluation    of  forest   stand    manipulation 
water  yield,  as  well  as  providing  a  significa 
step   toward   better  general  understanding 
watershed  performance  in  the  interior  Bla 
Hills. 
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Abstract 


Five  existing  fire  models,  both  experimental  and  theoretical, 
did  not  adequately  predict  rate-of-spread  (ROS)  when  tested  on 
single-  and  multiclump  fires  in  oak  chaparral  in  Arizona.  A  statisti- 
cal model  developed  using  essentially  the  same  input  variables  but 
weighted  differently  accounted  for  81  percent  of  the  variation  in  ROS. 
A  chemical  coefficient  that  accounts  for  effects  of  fuel  chemistry  on 
ROS  is  applied  to  the  model.  The  model  provides  usable  guidelines  for 
predicting  fire  spread  in  Arizona  oak  chaparral. 

Keywords:  Arizona      chaparral ,     fire     spread,     fire     use,     fuel 
chemistry. 
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Predicting  Fire  Spread  in  Arizona's 
Oak  Chaparral 

A.  W.  Lindenmuth,  Jr.,  and  James  R.  Davis 


Every  person  who  has  been  involved  with 
fire  management  is  familiar  with  rate-of-spread 
(ROS)2  indexes,  meters,  tables,  models,  and 
equations.  More  has  been  done  and  written 
about  ROS  than  any  other  element  of  fire 
behavior,  but  none  of  the  effort  has  applied 
specifically  to  oak  chaparral  in  Arizona.  The 
magnitude  of  fire  behavior  problems  in  the  type 
is  dramatically  illustrated  by  the  history  of  large 
and  expensive-to-control  wildfires,  including  the 
$2  million  Battle  fire  in  May  1972.  This  report 
summarizes  and  interprets  the  first  research 
study  of  fire  behavior  in  Arizona  oak  chaparral. 

The  study  was  concerned  primarily  with 
using  fire  as  a  tool  for  land  managers.  However, 
fire  behavior  is  the  same  in  both  intentional  and 
wildfires  under  the  same  conditions  in  oak 
chaparral. 

Sections  of  this  report  deal  with  the  study 
program,  a  description  of  the  experimental  area 
and  research  fires,  a  comparison  of  five 
contemporary  ROS  models  with  real-world 
research  data,  a  new  statistical  model  for 
predicting  ROS,  selection  and  use  of  fuel  and 
weather  variables,  and  discussion. 

2  ROS  in  this  report  means  forward  movement  of  the 
fire  head  without  spotting. 


Figure  1. — 

Prescribed  Fire  Experimental   Area,    viewed 
from  the  north.      Root-plowed  firebreak 
surrounds   entire  area.      Arrow  indicates 
administrative   site   where  laboratory , 
shop,   and  weather  station  are  located. 


Study  Program 

Research  fires,  ranging  in  size  from  single 
clumps  of  brush  to  Vi  acre  were  ignited  in 
predominantly  shrub  live  oak  fuel  (Quercus 
turbinella  Greene).  Of  the  45  oak  research  fi 
ignited,  32  are  suitable  for  analysis.  The  other  1  I 
either  went  out  or  were  rejected  for  technical 
reasons.  Four  larger  evaluation  fires  were 
burned  a  year  or  more  after  the  research  fires  to 
get  comparison  data  for  testing  conclusions 
based  on  the  smaller  fires. 


Experimental  Area  and  Research  Fires 

Research  fires  were  set  on  the  Prescribed 
Fire  Experimental  Area,  30  miles  east  of  Prescott 
on  the  Prescott  National  Forest,  at  an  elevation 
of  4,750  feet  (figs.  1,  2).  Chaparral,  or  evergreen 
brush,  covers  about  8  percent  of  the  total  area  of 
Arizona,  or  approximately  6  million  acres.  About 

Figure  2. — 

Trailer  provides  field  laboratory  and 
office  space,   and  houses  recorders  for 
long-term  weather  data.      Metal   shed  pro- 
vides  workshop-storage   space,    and  houses 
LP  gas-fueled  electric  generators. 


85  percent  is  oak  chaparral  found  normally  at 
elevations  from  4,000  to  5,500  feet.  The  largest 
block  of  oak  chaparral  surrounds  the  City  of 
Prescott  and  the  Experimental  Area. 

Average  precipitation  1967-71,  inclusive, 
was  16.05  inches;  precipitation  expected  for 
Arizona  oak  chaparral  is  13  to  16  inches  (Nichol 
1952).  Average  1300-hour  air  temperature,  all 
days,  for  June  was  85°  F.  and  for  December  50° 
F. 

The  brush  normally  grows  in  clumps  of 
some  10  to  30  feet  in  diameter.  Fuels  are  fairly 
homogeneous  within  clumps,  but  change  from 
clump  to  clump.  Each  clump  is  surrounded  by  a 
strip  of  virtually  bare  ground  (fig.  3). 

Polished  stainless  steel  panels  (each  4  feet 
by  10  feet)  were  erected  around  the  sides  of  the 
research  fires  to  control  radiational  and 
convective  edge  effects  (fig.  3).  An  open  passage- 
way oriented  with  the  wind  allowed  free  move- 
ment of  wind.  The  fire  advanced  on  a  straight 
line,  edge-to-edge,  as  it  normally  would  in  a 
burning  line  of  infinite  length. 

Each  fire  was  ignited  along  the  windward 
edge  with  a  roll  of  excelsior  (1  lb./lin.  ft.)  with 
electric  squib-ignitor  cord  inserts  at  3-foot 
intervals.  After  subsidence  of  the  brief 
exaggerated  flareup  from  massive  ignition  of 
both  litter  and  crown,  no  trend  toward  either 
acceleration  or  deceleration  was  discernible. 

All  measurements  were  recorded 
electronically  in  an  instrument  trailer  closeby. 
Measured  variables  that  have  been  considered 
pertinent  to  ROS,  from  among  more  than  60 
examined,  are  listed  in  table  1  with  correlation 
coefficients,  range,  mean,  and  method  of 
measurement. 


ROS.  We  found  tha 
are  not  suitable  fo 
the   fuel   and  climati 

in      Arizona's      oa 


Comparison  of  Contemporary  Models  with 
Research  Data 

These  following  five  models  fairb 
represent  all  research  models  conceived  over  th< 
past  30  years  to  predict  ROS.  One  of  th< 
important  tasks  of  research  is  to  test  designee 
models  under  controlled  conditions  to  determine 
how  well  they  accomplish  their  objectives  unde 
a  variety  of  conditions.  We  did  this  b; 
measuring,  on  each  research  fire,  the  input 
required  for  each  model  and  calculating 
predicted  ROS.  These  were  then  compare" 
statistically  with  actua 
contemporary  models 
predicting  ROS  under 
conditions  prevailing 
rhfltifi  v*t*  r\  I 

The  ROS  model  by  Fons  (1946)  wa 
derived  experimentally  by  burning,  in  a  win 
tunnel,  small  constructed  beds  of  (1)  pine  twig, 
set  in  a  substrate  like  bristles  in  a  brush,  and  (3jj 
flat  beds  of  pine  needles.  It  treated  spread  as 
series  of  ignitions  of  individual  fuel  particle 
The  model  accounts  for  only  14  percent  of  thn 
variation  in  ROS  of  the  32  research  fires. 

Byram's  model  (1959)  was  parti 
theoretical  and  partly  empirical,  based  in  son 
degree  on  longleaf  and  loblolly  pine  real-worl 
research  fires,  in  which  Lindenmut 
collaborated.  It  employed  a  relationship  betwee 
flame  length,  available  fuel,  and  heat  i 
combustion  of  the  available  fuel.  The  mod 
accounts  for  48  percent  of  the  variation  in  RO 
the  best  of  any  contemporary  model,  ar 
performance  can  be  improved  appreciably  1 
mathematical  revisions. 


Figure    3. — A    typical   research  fire 
and  area   fuel    distribution   in   oak 
chaparral   on   the  Prescribed  Fire 
Experimental  Area,   near  Prescott , 
Arizona .      Note    the   heat   sink- 
thermocouple-radiation   sensing 
package   in    the   center   of   the 
burning  line    (feedout    underground, 
heat   flux   transducer    (horse), 
35-mm  camera   and    "midflame  height' 
anemometer    (right   center),    16-mm 
time-lapse  camera    (on   ladder) , 
infrascope    (on   tripod) ,   and  power 
sprayer    (to   extinguish   sample  arei 
at   end  of  flaming   combustion; 
lower  left  corner) .      Not  shown  an 
36-foot    tower    (from  which  photo 
was   taken)    with  another   16-mm 
time-lapse  camera,    and  a   20- foot 
standard  anemometer. 


Table  1. — Summary  of  pertinent  variables  and  correlations  with  measured  rate-of-spread  (ROS) 


Description  and  variable 

Unit 
of 

Correlation 
coefficient1 

Range  in 

variable 

Mean 

Method  of  measurement 

measure 

Low 

High 

Fuel  consumed 

X[   Flaming 

lb./sq. 

ft. 

0.45** 

0.128 

0.815 

0.287 

Representative  stem 

X2  Total 

lb./sq. 

ft. 

.40* 

.153 

1.072 

.407 

sampling — percentage 
consumed  by  size  classes 

Fuel  loading 

X3   Total 

lb./sq. 

ft. 

.11 

.229 

1.597 

.637 

Representative  stem 

tons/acre 

3.0 

20.9 

8.3 

sampling—mass  by  size 

classes/unit  volume 

Fuel  moisture  content 

X4   Foliar 

percent 

.08 

71.4 

142.4 

84.4 

Random  sampling — 

X5  Litter,  upper 

percent 

-.54** 

4.3 

17.9 

8.1 

ovendrying 

X6  Litter,  lower 

percent 

-.47** 

5.4 

26.5 

10.9 

X7  Dead  stem 

percent 

-.59** 

2.4 

12.6 

7.0 

Temperature 

X8  Leaf 

°F. 

.43* 

54 

1  09 

80 

Thermocouples  inserted  in 

Xg  Litter 

°F. 

.44* 

48 

L15 

7" 

medium:  air  temperature 

X10  Air 

°F. 

.44* 

44 

95 

l,'l 

in  standard  ventilated 
shelter — 4.5  feet  above- 
ground 

Humidity 

Xji  Relative  humidity 

percent 

-.49** 

7 

67 

21 

Wet  and  dry  bulb  electro- 

Xj2  Saturation  deficit 

inches  mercury   .42* 

.098 

1.438 

.651 

aspirated  psychrometer — 

standard  ventilated 

shelter 

Solar  radiation 

X13  Net 

ly/min. 

.71** 

.197 

1.036 

.741 

Net  radiometer 

Wind  velocity 

Xj^  At  20  ft.  above  canopy 

m.p.h. 

.34 

.'< 

L9 

B 

Standard  cup  anemometer, 

low  starting  threshold 

Fuel  physics 

X15  Packing  ratio 

.20 

.0019 

.0123 

.0047 

Same  as  X3 

Xjg  Bulk  density 

.20 

.0856 

.5643 

.2141 

X^7  Surface  area/volume 

ratio 

.28 

1259 

2683 

1742 

Fuel  chemistry 

Xig  Phosphates 

percent 

-.62** 

.1740 

.3913 

.2917 

Random  sampling — quick 

X19  Potassium 

percent 

.14 

.39 

1.29 

.62 

frozen — freeze  dried — 

X20  Crude  fat 

percent 

.31 

3.0 

6.9 

4.9 

standard  lab  analyses 

X21  Ash  (silica  not  impc 

irtant) 

percent 

.34 

3.  1 

10.9 

6.3 

'Value  must  be  >  .35  to  be  significant  at  5  percent  (*)  level  of  probability  and  .45  at  the  1  percent  (**)  level. 


The  problem  with  Byram's  model  is 
inputs.  Inputs  in  a  valid  predicting  model  must 
be  independent  of  the  event  to  be  predicted. 
Flame  length  and  available  fuel,  which  is  the 
equivalent  of  fuel  consumed,  do  not  meet  the 
requirement;  they  can  only  be  measured  during 
or  after  the  fire  for  which  ROS  is  to  be  predicted. 
The  only  alternative  is  to  predict  flame  length 
and  available  fuel  —  in  effect,  resort  to  an 
inefficient  and  error-prone  double  prediction 
procedure  to  get  to  ROS. 

Van  Wagner's  model  (1967)  is  based  on  the 
concept  that  flame  radiation  is  an  important 
mechanism  of  heat  transfer  in  the  spread  of  fire. 
The  principal   components   are   flame  length. 


weight  of  fuel,  radiation  intensity  emitted  by 
flame,  proportion  of  radiation  absorbed  by  fuel, 

fuel  moisture,  and  angle  between  flame  and  fuel 
bed.  The  model  accounts  for  36  percent  of  the 
variation  in  the  research  data.  Several 
components  are  dependent  on  the  fires. 

Rothermel's  model  (1972)  follows  the 
concept  that  ROS  is  proportional  to  the  rati 
energy  output  to  energy  required  to  heat  fuel  to 
the  ignition  temperature.  It  is  based  in  part  on 
small  laboratory  fires.  Fuel  characteristics  are 
heavily  weighted.  The  latest  version  includes  a 
variable  moisture  of  extinction  which  does  not 
work  in  Arizona  oak  chaparral.  An  earlier 
version  with  a  constant  moisture  of  extinction 


accounts  for  only  12  percent  of  the  variation  in 
the  research  data. 

The  National  Fire-Danger  Rating  model ' 
is  a  modification  of  the  Rothermel  model;  some 
fuel  inputs  are  held  constant,  windspeed  is 
calculated  from  velocity  measured  at  20  feet,  and 
fuel  loading  is  separated  into  "timelag"  classes. 
This  model  accounts  for  21  percent  of  the 
variation  in  the  research  data  —  the  best 
performance  of  the  models  tested  that  do  not 
include  fire-dependent  inputs. 

A  rate-of-spread  model  derived 
experimentally  from  relatively  local  situations 
will  almost  invariably  outperform  a  similar 
model  developed  elsewhere  or  a  broadly  based 
theoretical  model.  This  study  has  shown  that  to 
be  the  case  in  Arizona  chaparral. 

A  theoretical  model  is  used  in  the  National 
Fire-Danger  Rating  System  as  a  basis  for  the 
ROS  prediction  (Deeming  et  al.  1972).  This  and 
other  predictions  are  transformed  to 
dimensionless  indexes  because  a  relative 
measure  is  all  that  is  required.  Therefore,  for  the 
purposes  of  fire-danger  rating,  absolute  errors 
are  of  no  consequence  as  long  as  the  relative 
changes  are  predicted  so  the  performance  is 
considered  adequate.  Fuel-type  differences  are 
described  by  fuel  models  which  tailor  the  inputs 
to  broad  type  classifications. 

Both  types  of  models  have  their  places.  A 
fire-use  manager  desiring  more  quantitative 
than  relative  predictions  will  have  to  rely  for 
now  on  the  somewhat  narrower  statistical 
models.  Quite  likely  the  data  from  empirical 
study  will  be  useful  in  making  the  inputs  for 
theoretical  models  more  accurate,  but  there  will 
always  be  a  trade-off  between  definitive  local 
applications  and  broad  relative  applications. 


Version  1: 


Y 


9.97-  0.0399X4   +    0.0586X10  -0.1213X 
+  6.483X13    +    0.3010X,4 


c.c. 


Measurements  of  air  temperature  (X  ,c 
relative  humidity  (X  n  ),and  net  radiation  (X 
must  be  transformed  (table  2).  Because  t 
contributions  of  these  variables  appear  na 
linear,  version  one  alternative  is  to  transfo 
the  variables  and  keep  the  model  linear. 


Table  2.- 


-Transformation  of  variables  for  us 
in  version  1  of  new  statistical  mo 


Air 

temper- 

Relative 

Net  radiatio 

ature  (°F.) 

humidity  (%) 

(ly/min.) 

Meas- 

Trans- 

Meas- 

Trans- 

Meas-  Tra; 

ured 

formed 

ured 

formed 

ured    for; 

40 

20.0 

4 

4.5 

0 

.45     0. 

45 

23.5 

8 

5.0 

.50 

50 

28.5 

12 

6.5 

.55 

55 

36.0 

16 

12.0 

.60 

60 

46.0 

20 

20.5 

.65 

65 

61.0 

24 

30.0 

.70 

70 

83.0 

28 

38.0 

.75 

75 

94.5 

32 

42.5 

.80 

80 

98.0 

36 

45.5 

.85 

85 

99.0 

40 

48.0 

.90 

yo 

99.1 

45 

50.0 

.95 

95 

99.5 

50 

52.0 

1 

.00 

100 

99.8 

55 

53.0 

1 

.05 

110 

100.0 

60 

54.0 

1 

.10 

New  Statistical  Model 


The  statistical  model  was  derived  by 
correlation  and  regression  analyses  directly 
from  the  32  research  fires.  Following  are  two 
versions  (see  table  1  for  identity  of  X's;  c.c.= 
chemical  coefficient).  The  versions  are 
essentially  the  same  and  account  for  79  percent 
and  81  percent,  respectively,  of  the  variation  in 
the  ROS  data,  but  inputs  are  handled  differently. 


'Schroeder,  Mark  J.,  Michael  A.  Fosberg,  James  W. 
Lancaster,  John  F.  Deeming,  and  R.  William  Furman. 
Technical  development  of  the  National  Fire-Danger 
Rating  System.  (Unpublished  report,  dated  Feb.  1972,  on 
file  at  Rocky  Mt.  For.  and  Range  Exp.  Stn.,  Fort  Collins. 
Colo.) 


Version  2: 


26.1657  -  0.0335X4   -  24.5608  exp 


+  14.1760X 


c.c. 


c.c. 


-0.06(X10/Xn 

-3.1394X?3   +  0.3526X14 
1     5.1196 

1  -exp(X18    -0.235) 


13 


.39 


Version  2  alternative  is  to  build  the  tra 
formations  into  the  model  and  enter  the  mo 
with  directly  measured  values.  Air  temperat 
(X  )0  )  and  relative  humidity  (X  n  )  are  combir 
into  a  single  interaction  term.  The  data  sugg 


nonlinearity  in  some  of  the  variables,  and  it  is 
reasonable  to  expect  an  interaction  between 
these  closely  correlated  variables.  This  version 
of  the  model  appears  somewhat  more  efficient 
than  the  other. 


Chemical  Coefficient  (c.c.) 

The  chemical  coefficient  brings  in  the 
effect  of  fuel  chemistry  on  ROS.  This  effect  is 
discussed  under  "Selection  and  Use  of 
Variables."  The  mathematical  expression  for 
the  chemical  coefficient  is  shown  separately 
because  fire  managers  are  not  expected  to 
sample  foliage  and  run  analyses  for  phosphate 
content.  Tabulated  values  are  used  instead  (table 
3).  These  are  representative  values  based  on  a 
large  number  of  chronologic  samples. 


Table   3. — Multiplying   factor    to   correct   ROS 
estimate   for   foliar   phosphorus 
content   under    three   conditions1 


Month  Coi 

id it ion  1 

Condition  2 

Condition  3 

March 

1.0 

2.2 

2.2 

April 

1.0 

1.6 

1.6 
1.0 

(early) 
(late) 

May 

1.0 

1.6 

1.0 
1.6 

(early) 
(late) 

June 

1.0 

1.7 

1.7 

July 

1.6 

1.6 

1.0 

August 

1.7 

1.0 

1.0 

September 

1.0 

1.0 

1.0 

October 

1.0 

1.0 

1.0 

November 

1.0 

1.0 

1.0 

December 

1.0 

1.0 

1.0 

January 

1.0 

1.7 

1.7 

February 

1.0 

1.8 

1.8 

Condition   1:      >_ 
preceding   December   + 
column  for   12  months, 
Condition   2:      <_ 
preceding   December  + 
February  +  March  <    3. 
condition   3   if    Februa 
1  3.00   inches. 

Condition  3:  < 
preceding  December  + 
February  +  March   >    3. 


3.00   inches   precipitation 
January;    continue  this 
starting  with  March. 
3.00   inches   precipitation 
January;    precipitation 
00   inches;    shift    to 
ry-March  precipitation 

3.00   inches   precipitation 
January;    precipitation 
00   inches. 


Model  Restrictions 

Litter  and  dead  twigs  '/i  inch  or  less  in 
diameter  must  be  reasonably  dry  for  reliable 
predictions;  15  percent  and  less  is  satisfactory. 


Actual  measurements  are  not  necessary; 
variations  in  actual  moisture  content  between  5 
and  10  percent,  the  normal  range  during 
precipitation-tree  periods,  have  relatively  little 
effect  on  ROS.  Ordinarily  this  range  of  dryness 
will  be  reached  within  5  consecutive  days  of  clear 
seasonally  warm  weather  April  through 
October,  and  within  10  days  during  the 
remainder  of  the  year. 


Selection  and  Use  of  Variables 

Variables  were  selected  on  a  physical 
basis  in  order  to  cover  a  wide  range  of  conditions. 
One  form  of  each  of  the  following  variables  was 
wanted:  fuel  moisture,  temperature,  humidity, 
wind  velocity,  solar  radiation,  fuel  physics,  and 
fuel  chemistry.  Another  consideration  was 
convenience  in  acquiring  reliable  data. 

Slope  was  intentionally  eliminated  from 
the  study  by  locating  all  plots  on  level  or 
practically  level  ground.  The  interactions 
involved  between  slope  and  wind  are  complex 
and  as  yet  unsolved.  An  attempt  to  solve  this 
interaction  would  have  added  too  much 
complexity  to  this  initial  study. 


Fuel  Moisture  Content 

(X4  , X5  , X6  ,X7) 

All  ROS  versus  dead  fuel  moisture  correla- 
tions (X  5  ,  X  6  ,  X  7  )  are  highly  significant.  Any 
one  could  be  used  in  a  predicting  model,  but  foliar 
moisture  (X4 ),  although  not  significant  in  si  in  pie 
regression,  is  significant  when  included  in 
multiple  regression  with  weather  variables  to 
account  for  variation  in  ROS.  Dead  fuel  moisture 
variables  are  also  highly  correlated  with 
temperature,  humidity,  and  net  solar  radiation; 
therefore,  when  a  dead  fuel  moisture  variable  is 
introduced  with  these  variables,  it  does  nut 
account  for  any  significant  reduction  in  residual 
variance.  Dead  fuel  moisture  alone  cannot 
replace  the  weather  variables,  however. 

Foliar  moisture  was  selected  over  dead 
fuel  moisture,  but  the  latter  must  be  retained  in 
some  form  because  of  its  limiting  characteristics. 
Dead  fuels  do  not  burn  vigorously,  above  15 
percent  actual  average  moisture  content,  and 
normally  cease  to  burn  at  approximately  25  to 30 
percent.  It  is  not  feasible,  due  to  interactions 
between  variables,  to  build  these  limitations  into 
the  model  now.  Dead  fuel  moisture  is  retained  as 
an  external  independent  limiting  factor. 

Moisture  content  from  a  representative 
sample  of  leaves  is  needed  for  accurate 
predictions.  Samples  are  thoroughly  dried,  but 


without  scorching,  at  217°  F.  Moisture  content  is 
calculated  as  follows: 


fresh  weight  -  dry  weight 
dry  weight 


100 


In  the  absence  of  actual  data,  ROS  can  be 
approximated  roughly  by  using  the  appropriate 
representative  moisture  content  (table  4). 


Table  4. — Representative  foliar  moisture 

values  for  approximating  ROS  under 
three  conditions1 


Month 

Condition  1 

Condition  2 

Condition  3 

Percent  -  - 

March 

79 

7  9 

7y 

April 

82 

76 

81 

May 

134 

274 

82 

June 

96 

373 

89 

July 

86 

70 

79 

August 

8b 

105 

93 

September 

81 

99 

88 

October 

80 

8  9 

84 

November 

81 

88 

81 

December 

81 

86 

81 

January 

77 

85 

77 

February 

78 

84 

78 

Condition  1:   >_  3.00  inches  precipitation 
preceding  December  +  January.   Continue  this 
for  12  months  starting  with  March. 

Condition  2:   <  3.00  inches  precipitation 
preceding  December  +  January.   Precipitation 
February  +  March  <  3.00  inches.   Shift  to 
Condition  3  if  February-March  precipitation 
>_  3.00  inches. 

Condition  3:   <  3.00  inches  precipitation 
preceding  December  +  January.   Precipitation 
February  +  March  >_  3.00  inches. 

Considerable  die-off  of  leaves  is  prob- 
able, thereby  increasing  f lammability  tempo- 
rarily. 

Considerable  shedding  of  leaves  is  prob- 
able, thereby  decreasing  flammability  until 
new  leaves  harden  in  September  or  October. 


Temperature  (X 


8     ! 


X  9  ,  X  )0  ) 


ROS  is  significantly  correlated  with  leaf, 
litter,  and  air  temperatures;  each  is  important  in 
the  model.  Air  temperature  is  used  for 
convenience,  and  measured  AV>  feet  aboveground 
in  a  standard  ventilated  shelter. 


Humidity  (X  n  ,  X  12  ) 

Either  relative  humidity  or  saturation 
deficit  should  be  included  in  the  models.  The 
former  is  selected  for  convenience  and  is 
measured  in  the  same  position  as  temperature. 


Solar  Radiation  (X  13  ) 

Radiation,  direct  and  indirect,  flows  to 
and  from  fuel  at  all  times;  the  fraction  retained 
by  fuel  at  a  particular  instant  is  net  radiation 
(langleys/minute).  Because  ROS  is  significantly 
correlated  with  net  radiation,  net  radiation  is 
important  in  the  model. 

Actual  measured  values  at  the  site  just 
prior  to  ignition  are  needed  for  accurate 
predictions.  A  net  radiometer  is  exposed  so  the 
top  face  "sees"  the  sun  and  the  bottom  face 
"sees"  the  fuel.  The  radiometer  generates  a  small 
electrical  output  proportional  to  the  difference  in 
temperature  between  the  two  faces.  The  output  is 
measured  with  a  millivolt  meter,  and  converted 
to  langleys/minute  by  means  of  a  calibration 
chart. 

In  the  absence  of  actual  measured  data, 
representative  net  radiation  values  (fig.  2)  can  be 
used  to  approximate  ROS. 


Wind  Velocity  (X,  4  ) 

Average  20-foot  velocity,  above  average 
vegetation  crown  profile,  is  the  only  expression 
of  wind  that  needs  to  bt  included  from  among 
nine  alternatives  examined,  including 
independent  measurements  at  4  feet 
aboveground  and  frequency  of  wind  gusts. 

Wind  velocity  does  not  show  the  strong 
effects  on  ROS  usually  attributed  to  it.  An 
explanation  is  in  order,  based  on  case  histories. 

The  fastest  spreading  research  fire  (46.25 
feet  per  minute  or  0.53  m.p.h.,  without  spotting) 
burned  with  average  wind  of  7  m.p.h.,  air 
temperature  95°  F.,  relative  humidity  15  percent, 
and  litter  moisture  4.5  percent  (fig.  4).  There  was 
no  opportunity  to  test  higher  wind  velocities  in 
other  fires  with  conditions  otherwise  the  same. 

The  highest  average  wind  velocity  for  a 
research  fire  was  19  m.p.h.  with  air  temperature 
76°  F.,  relative  humidity  16  percent,  and  litter 
moisture  6.6  percent.  ROS  was  31.54  feet  per 
minute  or  0.36  m.p.h.,  without  spotting  (fig.  5). 

Wind  velocity  during  the  second  fire  was 
almost  three  times  higher  than  in  the  first,  yet 
ROS  was  only  about  two-thirds  that  in  the  first. 
Except  for  air  temperature  other  variables  were 
similar  in  both  fires.  This  comparison  illustrates 
the  less-than-dominant  influence  of  wind 
measured  throughout  the  research  fires. 


Figure  4. — Although  this  was  fastest  spreading  research  fire,  the  flames 
(outlined  for  clarity)  are  standing  up,  in  keeping  with  the  relatively 
low  windspeed. 


Figure  5. — Flames  are  lying  over,  blown  by  relatively  high  wind,  nearly 
three  times  as  fast  as  in  figure  4.  However,  rate-of -spread  was  only 
two-thirds    that  of  faster  fire. 


What  does  the  record  show  about  wind? 
Briefly: 

1.  Wind  is  a  limiting  factor;  a  velocity  of  at  least 
7  to  8  m.p.h.  is  needed  for  fuel  .to  burn  well 
during  favorable  temperature  and  moisture 
conditions. 

2.  Wind  is  a  provisional  factor;  increasing  wind 
increases  ROS  provided  temperature  and 
moisture  conditions  are  favorable  for  burning 
and  do  not  regress. 

3.  When  wind  increases  ROS  without  spotting, 
the  increase  is  linear  and  amounts  to  about  4 
inches  per  minute  or  20  feet  per  hour  for  each 
additional  m.p.h.  in  wind  velocity.  When 
spotting  occurs,  the  ROS  increases  more 
rapidly,  perhaps  curvilinearly,  with 
increasing  windspeed. 

4.  During  flaming,  wind  does  not  boost  the 
percentage  of  fuel  consumed  appreciably,  if 
any  (r  =  0.04,  b  =  0.0044).  ROS  and  fuel 
consumed  are  closely  correlated.  Hence, 
failure  of  increasing  wind  to  increase  fuel 
consumed  apparently  is  one  reason  why  the 
effect  of  wind  is  limited  in  Arizona  oak 
chaparral. 

The  4-inch-per-minute  increase  in  ROS  for 
each  additional  m.p.h.  in  wind  velocity  (20  feet) 
is  in  line  with  recently  published  results  from  an 
independent  study  of  ROS  in  slash  fuels  (Brown 

1972). 


Fuel  Physics 

(X,  ,X2»X3,X15,X16,X,7) 

ROS  is  significantly  correlated  with  fuel 
consumed,  which  is  the  equivalent  of  available 
fuel  (X  ,  ,  X  2  )•  Available  fuel  can  be  estimated 
reliably  if  fuel  loading  is  accurately  known,  but  a 
feasible  estimating  model  for  the  latter  is  not  yet 
ready.  The  correlation  is  not  built  into  the  model 
at  this  time. 

Packing  ratio  (ratio  of  fuel  volume  to  fuel 
bed  volume,  X  15  ),  bulk  density  (ratio  of  fuel 
weight  to  volume,  X  16  ),  and  surface  area  to 
volume  ratio  (X  17  )  apparently  affect  ROS. 
Effects  were  analyzed  by  fuel  size  components 
and  for  total  fuel.  None  of  these  contributed 
appreciably  in  the  multivariate  analysis. 

Within  the  range  of  fuel  conditions  among 
the  research  fires,  the  model  works  satisfactorily 
without  fuel  physics  variables. Whether  these 
variables  will  be  needed  for  satisfactory  opera- 
tion throughout  the  entire  oak  chaparral  type 
can  be  answered  accurately  only  by  experimen- 
tation over  a  broader  range  of  fuel  conditions. 


Fuel  Chemistry 

(X  18  '  ^  19  »  ^20  '  ^21  ' 


Content  of  phosphate  phosphorus  affects 
ROS  appreciably,  according  to  results  from  both 
these  research  fires  and  supporting  laboratory 
burning  tests.  There  is  a  critical  threshold  at 
0.235  percent;  with  decreasing  P04  below  thai 
level  ROS  increases,  with  increased  P04  above 
the  threshold  there  is  no  change  in  ROS.  This 
pattern  is  built  into  the  model  as  a  coefficient  oi 
multiplier. 

A  model  for  predicting  phosphate  contenl 
is  under  development.  Pending  its  availability 
representative  values  (table  3)  can  be  used  foi 
approximating  ROS.  It  is  not  feasible  now,  oi 
within  the  foreseeable  future,  to  make  chemica 
analyses  part  of  fire  management  operations. 

Crude  fat  and  ash  (both  total  and  silice 
free)  appeared  to  affect  ROS  of  research  fires,  bull 
these  indications  were  not  confirmed  bj 
laboratory  burning  tests.  The  sign  of  the  asrl 
correlation,  although  nonsignificant,  is  opposite!* 
to  that  found  elsewhere  (Rothermel  1972).  Foi 
these  reasons  crude  fat  and  ash  are  not  in  th<n 
model. 


Discussion 

The  new  statistical  model  is  not  perfect, 
but  it  is  the  most  accurate  and  reliable 
operational  predictor  of  fire  behavior  for  the 
Arizona  oak  chaparral  type.  The  variables  used 
are  about  the  same  as  in  contemporary  models; 
the  change  is  essentially  in  weighting. 

Contemporary  models  that  give  heavy 
weight  to  wind  velocity,  dead  fuel  moisture,  and 
fine  fuel  moisture  (composite  of  cured  and  green 
herbaceous  material)  predict  an  ROS  that  is  too 
high  for  the  cool  half  of  the  year  (November- 
April)  and  too  low  for  the  warm  half  (May- 
October)  in  Arizona  oak  chaparral.  Briefly,  the 
reasons  are  that  wind  velocity,  humidity,  and 
dead  fuel  moisture  (estimated  by  contemporary 
methods,  which  also  are  based  primarily  on 
relative  humidity)  are  practically  the  same  in 
both  halves  of  the  year.  Relative  humidities 
below  15  percent  (1300  hour),  for  example,  are 
common  in  both  cool  and  warm  months,  which 
may  surprise  people  not  familiar  with  Arizona. 
ROS  predictions  based  on  wind  and  dead  fuel 
moisture  only,  for  precipitation-free  periods, 
average  about  the  same  year-round.  Because  fine 
fuel  moisture  is  notably  higher  in  the  warm  half 
of  the  year  (warm-weather  growers 
predominate),  inclusion  of  this  variable 
appreciably  lowers  ROS  predictions  in  the  warm 


lalf  of  the  year.  By  comparison,  fires  burn  much 
nore  vigorously  and  spread  faster  in  the  warm 
lalf,  contrary  to  predictions  based  on  wind,  fuel 
noisture,  and  herbaceous  condition. 

The  new  statistical  model  corrects  this 
iignificant  anomaly  by  heavily  weighting  net 
adiation  and  air  temperature  ,  both  of  which 
lave  marked  seasonal  trends  (figs.  6,  7).  These 
variables  also  account  for  important  day-to-day 
variations  (note  the  range  of  these  variables 
vithin  months). 

Predictions  with  the  new  statistical  model 
vere  compared  with  actual  ROS  of  four  quarter- 
icre  evaluation  fires.  Spread  both  within  clumps 
ind  between  a  number  of  clumps  across  breaks 
)f  varying  widths  was  measured.  This  small 
sample  indicates  that  fires  in  broken,  discon- 
inuous  fuel  spread  about  5  percent  slower,  on  an 
iverage,  than  in  continuous,  relatively  homo- 
geneous fuel.  Deviations  of  predicted  from 
ictual  ROS  were  -1  percent,  zero,  +5  percent,  and 
18  percent.  To  better  appreciate  the  significance 


of  these  deviations,  it  is  worth  noting  that  a  test 
of  another  ROS  model  by  Brown  (1972)  with 
small  manmade  slash  plots  showed  deviations 
of  predicted  from  actual  of  -14  to  580  percent, 
which  he  considered  "reasonably  close 
agreement." 

How  can  the  statistical  ROS  predictions 
be  interpreted  in  fire  management?  Key  ROS 
numbers  are  10,  20,  and  40,  for  level  or  slightly 
sloping  areas.  When  predicted  ROS  is  less  than 
10  (approximately),  fuel  probably  will  not  burn 
well.  Fire  set  repeatedly  may  spread  through  the 
litter  and  consume  some  aerial  fuel,  but  it 
normally  will  not  crown  continuously  through 
an  individual  clump  or  spread  from  clump  to 
clump.  Between  10  and  20  (approximately), 
individually  ignited  clumps  probably  will  burn 
reasonably  well,  but  fire  normally  will  not 
spread  from  clump  to  clump  continuously.  Above 
20,  fire  normally  will  spread  from  clump  to  clump 
continuously,  and  up  to  40  will  burn  steadily,  but 
not  explosively.  Above  40  (approximately),  fire 


Jan.    Feb.  Mar.    Apr.  May   June  July    Aug.  Sept.  Oct.    Nov.    Dec. 


'igure  6. — Summarized  net  radiation  values  at  1300  hours  for  1968-71,    inclusive,   at   the  Prescribed 
Fire  Experimental  Area  may  be  used  for  approximating  ROS.      The  atmosphere  is  relatively  pollution- 
free  over  the  Experimental  Area;   near  sources  of  significant  pollution,   net  radiation  would  be 
lower.      The  aberrations  in   the  May-June  period  apparently  result  from  atmospheric  haze  associated 
with  drought  and   turbulence. 
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Figure   7. — Summarized  air  temperature   values  at   1300  hours   for  1968-71,   inclusive ,   at  the  Prescribe 
Fir  Experimental  Area   may  be   used  for  approximating  ROS  in   the   absence  of  actual   measurements . 


probably  will  be  flashy,  normally  too  much  so  for 
prescribed  burning.  The  key  numbers  must  be 
adjusted  downward  where  slope  and/or  spotting 
are  factors. 

People  experienced  in  Arizona  oak 
chaparral  have  always  maintained  that 
chaparral  either  burns  fiercely  or  does  not  burn 
at  all  —  no  gradation  in  between.  This  rule  of 
thumb  is  relatively  accurate.  The  critical  ROS 
threshold  is  around  20  feet  per  minute; 
conditions  must  be  suitable  for  generating 
spread  at  or  above  that  level  before  fire  will 
spread  across  country.  Thus  the  minimum 
sustained  spread  (without  spotting)  ever  seen, 
usually  in  intentional  fire,  is  about  one-quarter 
mile  per  hour,  and  in  wildfires  normally  one-half 
mile  per  hour  or  higher,  because  wildfires  tend  to 
occur  during  some  of  the  worst  conditions  and 
commonly  include  spotting. 

A  28,400-acre  wildfire,  May  14-20,  1972,  on 
the  Prescott  National  Forest  provided  an 
operational  check  of  the  statistical  model  and 
interpretations.  The  initial  ROS,  from  1215  to 
1500  hours  in  a  mixture  of  oak  and  manzanita 
chaparral,  was  scaled  at  45  feet  per  minute,  1.25 


feet  per  minute  less  than  the  fastest  spreadin 
research  fire.  The  wildfire  included  some  shor 
range  spotting  and  a  variety  of  slopes  and  fue 
conditions.  Predicted  ROS  was  40  feet  per  minut 
(based  on  data  from  tables  3  and  4,  fig.  6)  an 
measured  temperature,  relative  humidity,  an 
wind.  The  11  percent  deviation  probably  i 
attributable  to  spotting,  favorable  slope-win 
interaction  during  part  of  the  run,  and  th 
admixture  of  manzanita.  This  fire  wa 
unquestionably  flashy. 

The  type  of  fire  that  does  not  spread  fror 
clump  to  clump  is  potentially  quite  useful  in  Ian 
management.  It  can  be  used  to  burn  firebreak 
and  small  areas  safely  without  bulldozing,  brus 
smashing,  and  other  special  measures  heret< 
fore  employed  in  intentional  burning,  e 
considerable  cost  both  in  dollars  and  sit 
disturbance.  Forming  fuelbreaks  b 
nonspreading  fire  is  feasible,  economical,  an 
effective,  although  additional  research  is  neede 
to  work  out  operational  details.  When  designe 
to  dissect  large  areas  of  chaparral,  these  break 
can  substantially  lessen  the  probability  of  largi 
catastrophic  wildfires. 


10 


Fire  managers  must  know  more  about  fire 
>ehavior  than  ROS  in  order  to  use  fire  efficiently, 
lowever.  Degree  of  fuel  consumption,  fire 
ntensity,  and  level  of  byproduct  emissions  are 
tther  considerations. 


Literature  Cited 

Brown,  James  K. 

1972.  Field  test  of  a  rate-of-fire-spread  model  in 

slash  fuels.  USDA  For.  Serv.  Res.  Pap. 

INT-116,  24  p.  Intermt.  For.  and  Range 

Exp.  Stn.,  Ogden,  Utah. 
Byram,  George  M. 
1959.  Combustion  of  forest  fuels,  p.  61-89.  In 

Forest    Fire:    Control    and    use.    N.Y.: 

McGraw-Hill  Book  Co.,  Inc. 
Deeming,  John  E.,  James  W.  Lancaster,  Michael 
A.  Fosberg,   R.   William   Furman,   and  Mark 
J.  Schroeder. 
1972.  National     fire-danger     rating     system. 

USDA    For.    Serv.    Res.    Pap.    RM-84, 

165    p.     Rocky    Mt.    For.    and    Range 

Exp.  Stn.,  Fort  Collins,  Colo. 


Fons,  Wallace  L. 
1946.  Analysis  of  fire  spread  in  light  forest 

fuels.  J.  Agric.  Res.  72:  93-121. 
Lindenmuth,  A.  W,  Jr.,  and  J.  R.  Davis . 
1970.  Foliar  moisture  content  of  chaparral  in 

Arizona:  accounting  for  its  variation  and 

relating  it  to  prescribed  fires.  USDA  For. 

Serv.  Res.  Note  RM-158,  8  p.  Rocky  Mt. 

For.  and  Range  Exp.  Stn.,  Fort  Collins, 

Colo. 
Nichol,  A.  A. 
1952.  The  natural  vegetation  of  Arizona.  Ariz. 

Agric.  Exp.  Stn.  Tech.  Bull.  127,    p.  189- 

230. 
Rothermel,  Richard  C. 
1972.  A  mathematical  model  for  fire  spread 

predictions  in  wildland  fuels.  USDA  For . 

Serv.  Res.  Pap.  INT- 115,  40  p.  Intermt. 

For.  and  Range  Exp.  Stn.,  Ogden,  Utah. 
Van  Wagner,  C.  E. 
1967.  Calculations   on   forest   fire   spread   by 

flame    radiation.    Can.    Dep.    For.    and 

Rural  Dev.,  For.  Branch  Dep.  Publ.  1185, 

14  p.  Ottawa.  (Also  in  Sixth  World  For. 

Congr.  [Madrid,  June  1966]  Proc,  v.  II,  p. 

1975-1980.) 


Agriculture— CSU,  Ft.  Collins 


11 


a  a 

<J  a) 

Q  bo 

^  s 

►— >,   CO 

R« 

b  a 

fa  3 

CO 

—   - 
3  o 

*  °  >> 

3    CO  _^£ 

«§* 

£<:= 
►2  .5  -"  © 


— '  C 
3  o 
u 

•CO 
cu  a> 


a> 


X 

+*  C 
TO  cu 


.2^0  ° 

-fa  « cfa  s? 

3  cu  „  £ 

«3.S.S 

<.2  S  E 
*-  2  *• 

uj   3  '*j  X 

c  >.2  ° 

O  -w  'C  "Ti 

•r  o,  >.h 

-5  c 


a,  ,- 


3 


£2 

aefa 


w 


..S 

£    CU    as 

fa  *  o 
■  e  M  iZ 

■S'-B  >   ■ 

3    ?    fa    C 
EP-i  C/2C/5 

c    . 

£, n 

C  Oi 


cu  2 

ft  CO 

*  CU 

CJ  a 

X  <P 

C  Z 

X  £ 


O    CJ 


SB 


ft 


hex 
C   cu 

■S   * 

.23  a 
x  o* 
cu  cu 
TO 
-3 

£    O 

c 

12 
to 


x  o 

t*f     CO 

:C?  -^ 

3  cs  +j  cu 

ftrS  >*  s- 
03  "T  £<2. 

_^    ccco  "£ 
cS'-g   g    3 

3    £^    8; 
£   he§   3 

«.S  8£ 

ft  S2  cj  ^ 
g   =>   3   c 

S-o  >.  2 

«   *"   u 
°   ft  e  irf 

"3  i)  »«  5 
3  >  .*>  P. 


■2.  £ 
2  « 

>  tt 

O    Co 

fa-c 

ft   CJ 

"3  ^s 


"3  <j 
o  _c 

fa    -j-J 

2  « 
-^   s- 

o  ft 

+J    CO 

to  cu 


C    CU  t+n  —  ;rt 


.    o  -^  S 

"be  fc  .SP-S 
C15  33  ° 
'53  cj  &  <! 


ft^ 
cC    c 

.2  | 

O  " 
Pi  a 


9 


CJ 


iC 


ca 

s- 
C 

a 

« 

CJ 

Si 
|§ 

<   « 
X 

-a 

C 


b  ft 

<    CJ 
Q   ho 

ca  o 

^  °  >> 

CO    ai  j? 


g-i    3CC 
CO    cu 


>>   CO 


cw   ™   cu  \\  C 

£>   +*  r— <     C     rn 


CO  J3 

i<.2 


c   s  S'*> 
cu    g    >    CO 

-£-  o  ♦->  'C 
#    N   3    CO 

•C   ft  > 

-Cm-" 

«:  e^ 

CO   CO  *j 
T3    t    "    C 

ft-R  s-i 


SQ 


CO 

a 

CO 


£^'6 

T32^ 

2^  - 

■  co     .fa 

;  a-  fts 

'fa    CO    O 


•     CO  co    tj 

'S'S  >   '■ 

3   flj  v.   C 

fa  j-  cj  -C 

c    . 

C  C75 


CU 

ft  ™  X 

5?  jC  >>  ft 

t^      OS   r-l 
O  ^    CO  00 

i>  co  "-C  g 
"fa  o  C^g 

— '   co  _2 

y.  co  cj  -^ 
^  S  beg 

q.  ft  2  « 

~  p  =  - 

a  c 

CO  ^°, 
3    3" 


4J.y 
J=  3 
CJ   be 

^-° 

""    CO 

*ti  co    . 

O    3  — 
co    co    JO 


« 


cj 

,cu  .S 

&  > 

CJ    o 


~  w      IC 


o  ^_ 
CJ  _« 

3    E    CO 
o   CJ   c 

co  E-1 


CO    <D  < 


:  cfl 


ao  ft^^tf  a 


<D   C 


CJ  « 


§T3 


o  ft 


-     0> 

1/    s- 


'   CO   fa„^ 

1  o    ■    3  -^ 

c^  !■= 

ho  c 

•-h  .2  co 
"O    co    cj 


bx 


0  .S  fa 
•a  «.fa 

E    co  ■£ 
Cj  •-  .0 

'Xtn-o 

CJQ    CJ 

<K  a. 


CO 

t 

CO 

ft 


12 

S  E 

<    CJ 

'■/. 

- 
0 
? 
>. 
B 


•— 

ft 

- 

ta 

< 

o> 

Q 

he 

T 

a 

D 

~ 

T) 

s- 

C 

fa  <s 

CO 

a  b 

CO   o 

cj     . 

,/-*  ^ 

.2  co  2 
co   ce^ 

«  §« 

N       . 

S'C  ft 

£^  = 
►2  .S  ^'  o 

".  dIk  2 

^    CO       .  .fa 

►i  cu  a^ 

,fa  «  o 

>^  Cuo 

■^   ho    •  j- 

«*<  -fa    4>    fa 

•£-S  >'     : 

3    O    h    C 
fa   Sm    cj  ^3 

c  . 
3  w 
C  05 


— r  c 

CO    o 

CJ 

•-CTJ 
OJ  cu 
(-1  *" 
o  SP 
3  _S 

-"  c 

t3  0) 
CO    g 


co 

ft  CO 

CJ   S, 

o  o 

-°  i 

co"  CO 

"3  !- 
-o  « 

o  o 


'43   3  W 

2-^0 
'■fa  CO  a; 
CO   cj^ 

co  Xi  -S 

<'E§ 
o  -*>  >* 

N    3    CO 

•j:  a  > 
«5  c  cj 

~  -c 
C   cu  -^ 


CO   CO  .M 

X  >>  ft 

oSh 
_^j  CO  00 
CO'-C    fa 

o  c<° 

C  to  T3 

■"  co   cu 

CO  cu 
cu 


C  cu 

x's 

CJ  bO 

^  CO 

't!  co     . 

co  co   t 

+J  CJ    >-4 

cu  p 


,.    C 
.      bo  3 

*C  c  o 


bo^ 
C   cu 

Is 

X    CT 
CJ   cu 

1% 

So 
c 

^2 
-3' 


o   ft -fa 

C    cu 


CO 

a 

„    CO 

5  ft  o 

""  "3  ^ 
i2-olo 
ego 

3  E  co 
g  cu  C 
o-e  o 

COH.N 

to"3< 
^j  o  c 
*»  E"- 

CU    J    CO 

•  «  x;  cu 

|g    O    ft 


O  T3    CJ 
CJ    Sh 


g    O  .J 


—  —  « 


e  -71  ~  0  ft 


-    CJ  TO 

i  §-c 

ho  fc.b? 


he 


0  fa-  c 
£.2  o 

-CMt3 


w 


OS) 


IC. 


CO 
ft 
CO 


03  "fa 

e.2 
S  E 

.-    cu 

<  o 

0 
$ 


fa  ft 

<3  cu 
Q  ho 

^-  s 

11 

fa  w 

CO 
ft  ^ 

CO   o 

CJ      . 

CO    co   y 

Q-go 
PS  S« 

N 
CO  -J-     ft 

£^" 

«  .S  r-T    O 

C  cu  *5 

".  fttf  2 

^    «     ..fa 

£  cu  as 

■fa  K  o 

■    3    =0  "S 

■£  "5  >'    ' 

3   cu   u   c 
fa   t~   cu  *3 

£P-.cy}t/3 
e    . 

e  <ji 


0  co^Q 
T3  '-^   co 

CU  CO  CJ 
-^  +J  — I 
co   co  XI 

-2<d.2 


co  5 
c  > 

O  *J 
N    3 

a 


^•c  o- 

O  e  cu 

«r  E 

^^  CO  cfl 

S   «  S 
ft  CO 

lox:  >> 


O  °^ 
K  ^S 

.S  .2  a 

o  cu  ^ 
«£  3 
co  cj  bo 
—  r^i  cu 
fa   cu  — i- 

>^2^ 

CJ 


X!   o   3_; 
£   co   co   * 

^  tj^  b 

-M     Ol  .fa     CO 
Ccti     >     & 

cj   cu   o   co 

CJ  t-    r" 

£  o  ftf 
H  cj^: 


O    O  _*;    CO 

X    i    co  '43 

-«   O   C 

co  CO  _  cu 
-r,  >-  c  co 


3h  jj-o 


00 


3    E 

o   - 

CJ 


a 


.fa  a 


IB 
he 

a 


CJ    CJ    ft 

;  «S^ 

j    3    3    cu 
1    cu    3    CU  1 
^^ 

;      5  ^ 

'  °  i  o 
ho  c 

TO    CO    CJ 


- 

TO  S-c  c 
^  coE-.n 
c  -^  — <■  5 

3   3   cu  O 

O  J="S  r 
cj  *j    O    C 

0  ->->  £  "" 
>,  %  2  « 

X?-«  X   cu 

cC  o  a 

CU  ««    *J     CO 


>-  a> 


C  "3     CU 

o  .j;  fa 

"3    3    ft  w 

CU     G  •*- 

«    3    co  +>. 

X.  cj  —  .3 
hOX  tx  -c 

'3  °C  £ 
=:  <  2fa  a 


(B 


sd 


SB 


3 
a 

3 
x 


3  ■§ 

3.2 

g  £ 

•C  oj 

J?  — 


ce 

i- 

o 


A  N  DAK  Q 

BOTTINEAU 


\WYO. 


LARAMIE 


O  RAPID   CITY 


NEBR 


FORT      %-COlo, 
COLLINS?) 


FOREST  STOCKING 
EQUATIONS: 
Their  Development 
and  Application 

by  Peter  F.  Ffolliott 
and    David  P.  Worley 

March  1973 

USDA  Forest  Service 
Research  Paper  RM-102 
Rocky  Mountain  Forest 
and  Range  Experiment  Station 

Forest  Service 

U.S.  Department  of  Agriculture 


Abstract 


Using  point-sampling  techniques,  stocking  conditions  at  a 
sample  point  can  be  described  in  terms  of  whether  or  not  the  point 
is  stocked  to  a  minimum  basal  area  level  corresponding  to  a 
particular  basal  area  factor  (BAF).  Stocking  equations  relating 
proportions  of  a  forest  stocked  to  minimum  basal  area  levels 
corresponding  to  each  BAF  used  in  an  inventory  can  be  defined  by 
regression  analyses.  Stocking  equations  can  be  used  to  help 
evaluate  land  treatment  potential,  determine  treatment  feasibility 
on  a  single  management  unit,  and  as  a  basis  for  setting 
operating  priorities  on  a  number  of  management  units. 

Keywords:  Stand     density,     basal     area     measurement,     forest 
management,  forest  surveys. 
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FOREST      STOCKING     EQUATIONS: 
Their  Development  and  Application 

Peter    F.    Ffolliott    and    David    P.    Worley 


Introduction 

Point  sampling  techniques  are  widely 
used  for  inventorying  forests.  These  inventories 
provide  data  on  average  basal  area  (or  volume, 
number  of  trees,  and  so  forth)  per  acre  for  forest 
managers.  Such  inventories  may  yield 
additional  information  regarding  the  propor- 
tions of  a  forest  stand  stocked  to  minimum  basal 
area  levels. 

Even-aged  stands  with  regular  spacing 
patterns  resulting  from  plantations  or  extended 
periods  of  management  can,  possibly,  be 
described  by  average  basal  area  per  acre.  With 
uneven-aged  stands  of  irregular  spacing 
patterns,  however,  another  statistic  —  the 
proportion  of  the  stand  stocked  to  a  minimum 
basal  area  level  —  would  be  useful  to  set  realistic 
limits  for  forestry  practices,  judge  suitability  of 
an  area  for  management  practices,  or  set 
priorities  for  cultural  or  harvesting  operations 
among  forest  areas.  Such  information  can  be 
derived  from  stocking  equations,  as  described 
here. 

The  purposes  of  this  paper  are  to:  (1) 
outline  the  theory  behind  the  development  of 
stocking  equations,  (2)  illustrate  the 
methodology  of  stocking  equation  synthesis, 
and  (3)  demonstrate  applications  of  stocking 
equations  in  forest  management  decision- 
making. 


Theory  Behind  Development  of  Stocking 
Equations 

The  basic  theory  of  point  sampling  is  well 
known.  The  number  of  trees  tallied  at  a  sample 
point,  multiplied  by  the  basal  area  factor  (BAP") 
used,  gives  an  estimate  of  basal  area  per  acre  at 
that  sample  point.  A  sample  point  is  stocked  to 
basal  area  levels  of  50,  70,  and  100  square  feet  per 
acre  on  the  basis  of  5,  7,  or  10  trees  tallied  with  a 
BAF  of  10.  Estimates  from  a  number  of  sample 
points  are  averaged  to  estimate  the  basal  area  of 
the  forest  area. 

The  use  of  a  single  BAF  can  incorrectly 
describe  the  stocking  situation  at  a  single  point, 
however,  due  to  irregular  spacing  patterns  and 
the  variety  of  tree  sizes  frequently  associated 
with  natural  timber  stands  (fig.  1).  For  example, 
a  sample  point  would  be  considered  stocked  to  a 
basal  area  level  of  75  square  feet  if  three  trees 
were  tallied  with  a  BAF  of  25.  But,  it  is  possible 
that  no  trees  would  be  tallied  with  a  BAF  of  75,  in 
which  case  the  sample  point  would  not  be 
considered  stocked  to  75  square  feet.  Conversely, 
assume  one  of  the  three  trees  tallied  with  a  BAF 
of  25  is  close  enough  to  the  sample  point  to  be 
tallied  with  a  BAF  of  100.  The  tally  with  a  BAF  of 
25  would  underestimate  this  stocking  condition. 

Empirical  trials  in  cutover  ponderosa  pine 
stands  in  Arizona  corroborate  the  above 
examples.    Sample   points   with    a   single   tree 


Figure  1.—  Irregular  spacing 
patterns  and  intermixed 
size  classes  in    Arizona 
ponderosa  pine  stands. 


tallied  with  a  BAF  of  25  were  also  stocked  with  a 
BAF  of  50  and  75  half  the  time.  Sample  points 
stocked  with  two  trees  with  a  BAF  of  25  were 
stocked,  with  a  BAF  of  50,  only  84  percent  of  the 
time,  and  sample  points  stocked  with  three  trees 
with  a  BAF  of  25  were  stocked  with  a  BAF  of  75 
only  three-quarters  of  the  time. 

If  it  is  not  possible  to  correctly  describe 
stocking  conditions  at  a  single  sample  point  with 
a  single  BAF,  it  follows  that  it  may  not  be 
possible  to  describe  the  proportion  of  a  forest 
stand  stocked  to  arbitrarily  specified  basal  area 
levels.  A  more  accurate  method  for  determining 
the  proportion  of  a  stand  stocked  to  different 
basal  area  criteria  is  through  the  use  of  stocking 
equations.  The  synthesis  of  stocking  equations 
is  based  on  two  assumptions. 

First,  a  sample  point  is  considered  stocked 
to  a  given  minimum  basal  area  level  if  at  least 
one  tree  is  tallied  with  a  BAF  corresponding  to 
that  level,  or  not  stocked  at  that  level  if  no  trees 
are  tallied.  This  concept  about  stocking 
conditions  has  been  suggested  as  a  way  of 
determining  the  proportion  of  a  stand  stocked  to 
a  single  minimum  basal  area  level  defined  by  a 
specified  management  objective  (Roberts  1964). 
In  the  absence  of  specific  management  guide- 
lines, an  inventory  system  employing  a  range  of 
BAF's,  allowing  sample  points  to  be  described  in 
terms  of  being  stocked  to  a  corresponding  range 
of  minimum  basal  area  levels,  is  advantageous. 

Secondly,  the  proportion  of  a  forest  stand 
stocked  to  a  given  minimum  basal  area  level  can 
be  estimated  from  the  proportion  of  sample 
points  stocked  to  that  minimum  level,  provided 
the  sampling  of  stocking  conditions  was 
unbiased.  Similarly,  relationships  can  be 
established  between  proportions  of  a  stand 
stocked  to  minimum  basal  area  levels 
corresponding  to  each  BAF  used  in  the 
inventory.  These  relationships  assume  mathe- 
matical forms  which  can  be  defined  empirically 
through  regression  analyses.  The  equations 
describing  these  regressions  are  stocking 
equations,  the  dependent  variable  being  the 
proportion  of  a  forest  stand  stocked  to  minimum 
basal  area  levels  within  limits  dictated  by  the 
BAF's  used  in  the  inventory. 


Synthesis  of  Stocking  Equations  — 
An  Illustration 

To  illustrate  methodology,  stocking 
equations  have  been  developed  to  describe 
cutover  and  virgin  ponderosa  pine  (Pinus 
ponderosa  Laws.)  stands  in  north-central 
Arizona. 


Study  Areas 

Data  representing  a  cutover  ponderos 
pine  stand  were  collected  from  watershed  1: 
encompassing  425  acres,  on  the  Beaver  Cree 
watershed  (Brown  1971),  45  miles  south  < 
Flagstaff.  At  the  time  of  measurement,  half  < 
the  merchantable  sawtimber  volume  had  bee 
cut  from  the  area  between  1943  and  195 
Sawtimber  volume  averaged  3,700  board  feet  pi 
acre,  and  the  site  index  (Meyer  1961)  varied  fro 
45  to  60  feet  at  100  years.  Soils,  derived  fro 
basalt  parent  material,  are  classified  in  tl 
Brolliar  and  Siesta-Sponseller  soil  managemei 
areas  (Williams  and  Anderson  1967).  The  an 
was  sampled  with  197  points  arranged  in  f o  i 
random  starts  with  four  strata  (Shiue  1960). 

Data  from  a  virgin  ponderosa  pine  star 
were  collected  on  the  Long  Valley  Experiment  ; 
Forest,  65  miles  southeast  of  Flagstaff.  At  tit 
time   of  the   study,   this   was   one  of  the  fe 
remaining  areas  in  Arizona  where  a  virgin  star 
could  still  be  found  on  a  good  timber-grown 
site.  Timber  on  the  1,280  acres  comprising  t:l 
Forest   was    uneven-aged,    with    different   a 
classes  occurring  as  small,  even-aged  grouj 
Sawtimber  volume  averaged  20,500  board  ft 
per  acre,  and  the  site  index  (Meyer  1961)  was 
to  90  feet.  Soils,  formed  from  limestone  and  sar 
stone,    are   classified   in   the   Hogg-MeVick* 
series  (Anderson  et  al.  1963).  One  hundred  six 
six  points  arranged  in  an  8-chain  by  8-chain  g] 
provided  the  sample  design  here. 


Methods 

Sample  points  on  both  study  areas  w< 
considered  stocked  or  not  stocked  on  the  basis 
trees  tallied  with  an  angle  gage  corresponding 
BAF's  of  5,  10,  25,  50,  75,  100,  125,  150,  175,  2 
and  250.  Diameters  (d.b.h.,o.b.)  of  all  tallied  tn 
were  recorded  to  allow  subsequent  assignmi 
into  size  classes. 

The  data  were  subjected  to  regress:  |i 
analyses  to  develop  stocking  equatk  3 
describing  (a)  all  size  classes  and  (b)  individ  jl 
size  classes  on  the  two  study  areas.  Lin  r 
regressions  had  been  used  previously  to  descr  e 
the  proportions  of  a  cutover  ponderosa  p  e 
stand  stocked  to  minimum  basal  area  lev  Is 
between  25  and  75  square  feet  (Ffolliott  i 
Worley  1965).  Here,  straight-line  predict  h 
mechanisms  performed  well  over  a  limited  rai  (e 
of  basal  area  levels.  More  complex  curvilin  |r 
forms  were  required,  however,  for  regressi 
that  defined  stocking  conditions  near 
extremes  of  a  stand  population  —  low  or  h 
stocking  levels  for  all  timber  size  class  eleme 
within  a  stand  —  or  for  particular  size-cl 


components.  Furthermore,  several  scatter 
diagrams  revealed  an  inflection  point  near  the  Y- 
axis.  Consequently,  commonly  used  linear  trans- 
formations proved  unsatisfactory. 

A  computer  program  (Jameson  1967)  that 
approximates  a  5-parameter  transition  growth 
curve  describing  general  sigmoidal  relation- 
ships (Grosenbaugh  1965)  was  arbitrarily 
selected  to  illustrate  the  development  of  stocking 
equations.  Other  mathematical  models  and 
computer  programs  designed  to  produce  a 
sigmoid  form  might  give  similarly  good  results. 
As  a  practical  matter,  the  closeness  of  fit  to  the 
data  illustrated  in  figure  2  suggests  hand 
plotting  may  be  adequate  for  developing  curves 
for  many  purposes. 


Results 

Stocking  equations  describing  all  size 
classes  of  ponderosa  pine  on  the  two  study  areas 
are  illustrated  in  figure  2.  Stocking  equations 
developed  for  the  sawtimber  (at  least  11.0  inches 
diameter),  pole  (4.0  to  10.9  inches  diameter),  and 
sapling  (less  than  4.0  inches  diameter)  size 
classes  (fig.  3)  are  summarized  as  follows: 


Beaver  Creek  (watershed  12) 

(1)  Sawtimber 

Y  =  100  -  89.1    O-e-0,019*)    1,co 

(2)  Poles 

Y  =  100  -  89.2    (l-e-°-019x)    °'7! 

(3)  Saplings 

Y  =  100  -  103.8   (l-e-°-009x)    °'25 
Long  Valley  Experimental  Forest 

(1)  Sawtimber 

Y  =  100  -  24.1    (l-e-°-001x)    °-75 

(2)  Poles 

Y  =  100  -  96.5   (l-e-°-008x)    °'25 

(3)  Saplings 

Y  =  100  -  101.1    (l-e-°-023x)    °'25 
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Figure  2. —Stocking  equations  describing  (ill 
size  classes  (combined)  in  virgin  and  cutouer 
Arizona  ponderosa  pine  stands. 


Cutover  stand 
y=IOO-80.8ll-( 


-O.I5x\l.75 


0  50  100  150  200  250 

Minimum  basal  area  (sq.fi.  per  acre) 


Summation  of  the  three  size-class  components  at 
a  given  basal  area  level  may  exceed  the  stand 
population  stocking  at  that  level,  since  many 
sample  points  were  stocked  with  more  than  a 
single  size  class. 


The  stocking  equations  allow  us  to 
estimate  the  proportion  of  a  forest  stand  stocked 
by  a  stand  element  to  minimum  basal  area  levels 
up  to  250  square  feet.  Solving  stocking  equations 
for  numerous  alternative  basal  area  levels  may 
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Figure  3.  —  Graphical  representation  of  stocking 
equations  describing  individual  size  classes 
in    virgin    and    cutover   Arizona  ponderosa    ' 
pine  stands. 
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become  time  consuming.  To  ease  computations, 
a  supplementary  computer  program  can  be 
written  to  solve  equations  in  terms  of  the 
proportions  of  a  stand  stocked  to  any  inter- 
mediate basal  area.  Generally,  estimates 
obtained  from  a  graphical  presentation  of  the 
stocking  equation  will  suffice. 


Applications  of  Stocking  Equations 

A  truly  adequate  description  of  the  char- 
acteristics of  timber  on  a  management  unit 
must  answer  a  variety  of  questions  of  manage- 
ment specialists  regarding  timber  production. 
Stocking  equations  help  provide  such  answers, 
by  defining  the  proportion  of  a  forest  stand  on  a 
(management  unit  stocked  to  minimum  basal 
area  levels  dictated  by  management  objectives. 

Setting   Realistic  Limits 
for   Forestry    Practices 

Stocking  equations  can  help  a  manager 

reach  a  decision  as  to  the  feasibility  of  imposing 

a  treatment  (such  as  harvesting,  thinning,  and 

•  so  forth)  on  a  management  unit.  It  is  assumed 


Figure  4.  —  Graphic  representation  of  stocking 
equations  describing  sawtimber  size  class 
in  an  Arizona  ponderosa  pine  stand  (Beaver 
Creek  watershed  12).  Dashed  lines  refer 
to  a  text  example  of  the  application  of 
stocking  equations. 


that  the  proportion  of  a  forest  stand  stocked  to  a 
minimum  basal  area  level  which  corresponds  to 
the  basal  area  level  prescribed  by  treatment  will, 
subsequently,  represent  the  proportion  of  the 
stand  that  will  be  placed  under  treatment. 

For  example,  suppose  a  silvicultural 
practice  calls  for  a  uniform  thinning  of  all 
sawtimber  in  a  forest  stand  to  a  basal  area  level 
of  50  square  feet  per  acre,  the  assumed 
"optimum"  in  terms  of  a  sawtimber  manage- 
ment potential.  However,  a  stocking  equation 
developed  for  the  management  unit  may  reveal 
only  43  percent  of  the  stand  could  meet  the  treat- 
ment stocking  objective  (fig.  4).  A  decision  may 
then  need  to  be  made  regarding  treatment 
feasibility.  Possibly,  the  original  prescription 
could  be  discarded  in  favor  of  one  that  would 
place  a  larger  proportion  of  the  stand  on  the 
management  unit  under  treatment.  This  could 
be  achieved  by  reducing  the  uniform  thinning 
treatment  to  25  square  feet  per  acre.  Unfor- 
tunately, thinning  to  this  alternative  stocking 
level  may  result  in  a  lower  sawtimber  manage- 
ment potential.  Due  to  the  greater  proportion  of 
the  area  treated  (fig.  4),  however,  the  outcome 
could  be  more  favorable  in  the  long  run.  The  final 
decision  must  be  a  compromise  between 
obtaining  the  maximum  management  potential, 
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as  prescribed  by  treatment,  and  extending  the 
treatment  to  the  largest  possible  proportion  of 
the  stand  on  the  management  unit. 

Regardless  of  what  a  specific  land  treat- 
ment is  to  accomplish,  the  application  of 
stocking  equations  will  help  evaluate  treatment 
potential  and  prescribe  treatment  feasibility.  A 
range  specialist  may  ask  "What  proportion  of  a 
management  unit  is  stocked  in  excess  of  a  given 
basal  area  level  considered  maximum  to  allow 
acceptable  forage  production  for  allotment 
management?"  An  economist  interested  in  costs 
might  ask  "How  much  of  a  management  unit 
needs  to  be  treated,  and  to  what  intensity  does 
the  treatment  need  to  be  applied,  to  bring  the 
tract  to  a  prescribed  stocking  level?"  A  timber 
manager  might  need  data  describing  the  extent 
of  merchantable  sawtimber  to  a  basal  area  level 
considered  the  minimum  for  profitable 
harvesting. 

Decisionmaking  at   Different 
Levels  of  Interest 

If  the  "optimum"  basal  area  level  criterion 
for  sawtimber  management  potential  is  50 
square'  feet  per  acre,  we  saw  (fig.  4)  that  43 
percent  of  the  management  unit  described  above 
would  meet  the  treatment  stocking  objective. 
This  elementary  type  of  statistic  might  be  called 
primary,  or  at  the  first  level  of  interest. 

If  the  sampling  intensity  is  great  enough, 
other  levels  of  interest  can  be  exploited  from 
stocking  equations.  Our  timber  manager  might 
ask  "If  43  percent  of  the  management  unit  meets 
the  sawtimber  treatment  prescription,  how 
much  of  this  latter  area  will  be  stocked  with 
residual  trees  of  submerchantable  size?"  This  is 
an  example  of  a  secondary  level  of  interest. 
Source  data  from  the  proportion  of  the  manage- 
ment unit  that  meets  the  treatment  prescription 
can  be  subjected  to  regression  or  graphic 
analysis.  For  our  example,  the  proportion  of  the 
management  unit  that  meets  the  sawtimber 
treatment  prescription  stocked  with  submer- 
chantable ponderosa  pine  at  various  minimum 
basal  area  levels  is: 


Basal  area  of 

Cutover 

submerchantable 

area 

ponderosa 

pine 

stocked 

(Sq.  ft./acre) 

(Percent) 

20 

82 

40 

69 

00 

59 

80 

50 

100 

42 

The  above  information  could  provide  the 
basis  for  scheduling  planting  or  determining  site 
preparation  costs.  For  instance,  if  60  square  feet 
of  basal  area  per  acre  is  judged  satisfactory 
stocking  for  advanced  regeneration  after 
cutting,  59  percent  of  the  proportion  of  the 
management  unit  that  meets  the  sawtimber 
treatment  prescription  is  already  stocked,  and 
reproduction  measures  need  be  planned  for  41  i 
percent. 


Setting  Operating  Priorities 

The  output  of  stocking  equations  —  the 
proportion  of  a  management  unit  stocked  by  e  i 
stand  element  to  a  specified  criterion  —  can  be 
used  with  other  information  to  set  managemen 
priorities.  This  can  be  illustrated  by  an  example. 

Ten  Beaver  Creek  watersheds,  similar  t( 
watershed  12,  were  inventoried  so  that  stocking, 
equations,  and  timber  volume  information 
could  be  developed.  Let  us  rank  these  waterr 
sheds  according  to  the  desirability  of  harvesting . 
ponderosa  pine  sawtimber  to  achieve  the  "bes 
release"  of  pole-sized  ponderosa  pine  trees  and  ; 
minimum  release  of  a  timber  "weed"  species 
Gambel  oak  (Quercus  gambelii  Nutt.).  Direc 
information,  obtained  from  the  stockinj 
equations,  is  the  proportion  of  each  watershei 
stocked  with  pole-sized  ponderosa  pine,  and  th 
proportion  of  each  watershed  stocked  wit! 
Gambel  oak.  Selected  criteria  are:  (a)  a  minimum 
sawtimber  cut  of  1,000  board  feet  per  acre,  (b)  a 
least  25  percent  of  the  watershed  stocked  witi 
pole-sized  ponderosa  pine  at  a  minimum  base 
area  level  of  50  square  feet  per  acre,  and  (c)  n 
more  than  25  percent  of  the  watershed  stocke 
with  Gambel  oak  at  a  minimum  basal  area  lev* 
of  50  square  feet  per  acre.  This  information  i 
arrayed  in  table  1. 

The  application  here  combines  the  are- 
information  —  the  output  of  stocking  equation 
—  with  sawtimber  volume  estimates  t 
determine  cutting  priorities.  Individual  wate 
sheds  are  eliminated  from  consideration  whe 
they  do  not  meet  one  or  more  criteria.  Thos 
remaining  are  ranked  on  a  sawtimber  volum 
basis.  They  could  be  ranked  on  any  combinatio 
of  the  above  three  criteria  which  could  be  show 
to  maximize  benefits  or  minimize  costs. 


Development  of  Distribution 
and  Density  Functions 

The  relationships  defined  by  stockir. 
equations  are  exceedance  curves,  which  descril 
the  proportion  of  a  stand  stocked  to  minimu 
basal  area  levels.  Distribution  functions,  whic 


Table 

1  . 

--Priorities  for  harvesting  large 

sawt  imber 

Area  stocked  at  minimum  of 

Feasibility  limits  (a,b,c)—  and 
priority  rankings  (1,2,3) 

Watershed 

Sawt  imber 
vol ume 

50  square  feet 

of— 

Pole-s  i  zed 

Gambe 1 

ponderosa  pine 

oak 

Bd. ft. /acre 

-  -  -  -  Percent 

A 

2,800 

29 

16 

2 

B 

3,110 

38 

^3 

1 

C 

830 

26 

13 

Insufficient  volume 

D 

1  ,660 

22 

26 

Insufficient  poles;  too  much  oak 

E 

1  ,230 

29 

31 

Too  much  oak 

F 

2,410 

23 

22 

3 

G 

1  ,^70 

18 

38 

Insufficient  poles;  too  much  oak 

H 

2,290 

16 

16 

Insufficient  poles 

1 

1,830 

27 

28 

Too  much  oak 

J 

570 

he 

13 

Insufficient  volume 

—  Limit 

ng  cr  i  ter  ia : 

(a) 

a  minimum  sawtimber 

cut  of  1 ,000 

board  feet  per  acre; 

(b) 

at  least  25  percent 

of  the  watershed  stocked  with  pole-sized  pon- 

derosa  pine  at  a  minimum  basal  area  level  of  50  square  feet  per 

acre; 

(c) 

no  more  than  25  percent  of  the  watershed  stocked  with  Gambel  oak  at 

a  minimum  level  of 

50  square  feet 

per  acre. 

describe  cumulative  frequency,  can  be  readily 
developed  from  these  relationships  if  desired. 
With  distribution  functions,  it  would  be  possible 
to  derive  density  functions,  which  define  the 
probabilities  of  obtaining  a  small  interval  of 
forest  stocking  considered  prerequisite  to 
imposing  a  land  treatment.  Estimates  of  these 
probabilities  can  be  of  value  in  decisionmaking 
at  the  first  level  of  interest . 


1. 


Summary  and  Conclusions 


Using  point  sampling  techniques, 
stocking  conditions  at  a  sample  point 
can  be  described  in  terms  of  whether  or 
not  the  point  is  stocked  to  a  minimum 
basal  area  level  corresponding  to  a 
particular  BAF. 
2.  Mathematical  relationships  between  pro- 
portions of  a  forest  stand  stocked  to  mini- 
mum basal  area  levels  corresponding  to 
each  BAF  used  in  an  inventory  can  be 
defined  through  regression  analyses.  The 


equations  describing  these  regressions  are 
stocking  equations;  the  dependent  variable 
is  the  proportion  of  a  forest  stand 
stocked  to  a  given  minimum  basal  ana 
level,  and  the  independent  variable  is 
the  minimum  basal  area  level. 

3.  Stocking  equations  describing  cutover  and 
virgin  ponderosa  pine  stands  in  Arizona 
were  developed  by  means  of  a  computer 
program  that  approximates  a  sigmoidal 
relationship.  These  equations  define  the 
proportion  of  these  two  stands  stocked  to 
minimum  basal  area  levels  up  to  250  square 
feet  per  acre. 

4.  Stocking  equations  can  be  used  to  help 
evaluate  land  treatment  potential,  to 
determine  treatment  feasibility  on  a 
single  management  unit,  and  as  a  basis 
for  setting  operating  priorities  on  a 
number  of  management  units. 

5.  To  apply  this  technique,  the  land  manager 
must  have  a  multiple  BAF  inventory 
made  for  the  management  unit  in  question, 
then  prepare  stocking  equations  or  graphs 
similar  to  those  described  here. 
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Abstract 

The  5-phase  procedural  framework  uses  3-step  range  trend 
data  to  identify  important  trends  in  vegetation  and  soil  charac- 
teristics and  assign  cause.  Fieldwork  is  executed  under  strict 
procedural  rules  (phase  1),  and  current  condition  and  tentative 
trend  are  determined  (phase  2).  Office  statistical  tests  of  change  in 
frequency  of  important  species  groups,  species,  and  soil  surface 
factors  are  related  by  photointerpretation  to  visible  changes 
in  other  important  indicators  of  range  trend  (phase  3).  All  charac- 
teristics that  indicate  change  are  grouped  and  related  to  trends 
judged  in  the  field  (phase  4),  and  all  available  supplemental 
information  is  considered  and  most  probable  cause(s)  of 
trend  assigned  (phase  5). 

KEYWORDS:  Range  management,  indicator  plants,  ground- 
photointerpretation,  range  plant  frequency, 
3-step  method. 
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Interpretation   of  Trend   in   Range 
Condition  from  3-Step  Data 

Jack  N.  Reppert  and  Richard  E.  Francis 


Background 

Presently,  there  are  11,908  grazing  allotments 
administered  by  the  Forest  Service  which, 
among  other  important  uses,  furnish  forage  and 
browse  for  livestock,  game,  and  other  animals. 
Within  these  allotments  are  many  complex 
range  sites  classed  within  broad  vegetation 
types.  These  sites  vary  in  range  condition.  One 
responsibility  of  range  examiners  is  to  know  the 
current  condition  of  these  range  sites  and,  over 
the  years,  to  be  aware  of  trends  in  condition.  The 
objectives  are  to  prevent  deterioration  of  the 
range  resource,  and  encourage  application  of 
appropriate  management  strategies  to  improve 
condition.  This  Paper  describes  how  a  skilled 
range  examiner  may  use  the  3-step  method  to 
interpret  trend  in  range  condition. 

The  3-step  method  for  measuring  trend  in 
range  condition  was  developed  by  the  USDA 
Forest  Service  for  administrative  use  after  3 
years  of  intensive  study  from  1948  through  1950 
(Parker  and  Harris  1959).  Under  the  direction  of 
K.  W.  Parker,  National  Forest  Systems  range 
examiners  from  various  Regions  modified  and 
adapted  research  contributions  to  help  build  a 
practical  procedure.  The  Forest  Service  adopted 
the  3-step  method  as  part  of  its  range  analysis 
program  in  1956,  and  many  other  agencies  since 
have  adopted  it. 

Within  the  Forest  Service,  the  method  has 
been  modified.  However,  the  three  fundamental 
steps  remain  intact:  (1)  Measure  vegetation  and 
soil  stability  on  permanent  transects  grouped  in 
clusters  of  one  to  three  transects,  (2)  summarize 
data  and  classify  current  range  condition  and 
trend  in  the  field,  and  (3)  take  two  oblique  ground 
photographs  for  permanent  visual  record.  The 
procedural  details  for  measurement  are  familiar 
to  all  who  have  used  the  method  or  have  read 
Parker's  1951  and  1953  papers. 

A  cluster  is  permanently  located  on  an 
area;  periodic  remeasurement  (often  at  5-year 
intervals  of  certain  plant  and  soil  characteristics 
along  with  ground  photographs  provide  data  to 
infer  trend  in  range  condition.  Clusters  are  used 
as  benchmarks  on  key  areas,  similar  to  listening 
posts  on  a  battlefield.  A  key  area  is  representa- 


tive of  a  portion  of  primary  range  and,  by 
location,  is  sensitive  to  changes  in  management 
practices.  By  1967,  over  16,500  permanent  3-step 
clusters  had  been  established  on  5,307 
allotments  within  the  six  western  Regions. 


Difficulty  in  Interpretation  of  Trends 

The  3-step  method  was  designed  so  that 
trained  range  examiners  could  establish  many 
clusters  and  collect  data  rapidly.  The  more 
difficult  part  came  later  when  the  range 
examiner  had  to  explain  changes  in  the  data, 
visible  changes  in  the  photos,  or  changes  in  the 
condition  scorecard  values.  This  difficulty  has 
long  been  recognized.  In  1957,  Parker  wrote  in  a 
memo  to  the  file,  "At  the  onset  of  the  trend  study 
we  recognized  that  interpretation  of  data  would 
be  the  most  difficult  problem." 

A  range  examiner  expected  to  interpret 
range  trend  must  be  a  highly  trained  ecological 
investigator,  who  is  able  to  understand  much 
about  the  situation  as  he  currently  examines  it 
and  compares  it  with  previously  collected  data. 
It  is  seldom  easy  to  determine  range  trend 
direction,  state  the  cause,  and  recommend  proper 
management  action.  Several  reasons  for  this 
difficulty  are: 

1.  Trend  is  evaluated  over  many  years.  During 
passage  of  time,  transects  may  he  destroyed, 
or  moved,  data  lost,  condition  standards 
changed,  and  management  objectives 
shifted. 

2.  The  range  examiner  who  remeasures  a  3-step 
cluster  is  seldom  the  person  who  made  the 
previous  measurement  anil,  except  for 
photos,  often  has  never  seen  the  cluster 
before. 

3.  Many  clusters  measured  on  a  5-year  interval 
are  not  visited  the  second,  third,  and  fourth 
years  SO  that  a  trend-causing  agent(effects  of 
weather,  insects,  or  disease  in  intervening 
years)  may  go  unnoticed  and  undocumented. 

4.  Highly  skilled  range  examiners  are  not  al- 
ways available  to  remeasure  and  interpret 
the  data. 


Frequency  —  What  It  Is  and 
How  It  Can  Be  Used 

Three-quarter-inch  loop-frequency  is  the 
most  consistently  used  measurement  in  the  3- 
step  method.  Frequency  is  the  chance  of  finding 
a  plant  species  or  nonplant  factor  within  a 
sample  area  in  any  one  trial  (Greig-Smith  1964). 
When  no  plant  occurs  within  the  loop,  the  soil 
surface  factor  covering  most  of  the  loop  area  is 
recorded.  Frequency  is  measured  at  1-ft  intervals 
along  100-ft  transects  which  form  a  cluster 
(Parker  1951).  In  some  cases,  frequency  data  are 
supplemented  by  recording  the  nearest 
perennial  plant  if  a  plant  does  not  occur  in  the  %- 
inch  plot  (Parker  1954).  These  data  are  used  to 
determine  plant  community  composition. 

Frequency  is  a  nonabsolute  measurement 
influenced  by  plant  density,  dispersion,  shape, 
size,  and  size  class  distribution  (Greig-Smith 
1964,  Hutchings  and  Holmgren  1959,  Sharp 
i954,  Smith  1962).  Any  combination  of  these 
factors  may  affect  frequency.  Greig-Smith  (1964) 
described  frequency  as  "an  uncertain  assess- 
ment of  several  different  characteristics."  It  is 
not  possible,  with  reliability,  to  relate  frequency 
mathematically  to  other  single  plant  community 
characteristics  such  as  basal  cover,  foliar  cover, 
herbage  production,  or  density  (Francis  et  al. 
1972).  While  frequency  may  be  hard  to  relate 
mathematically  to  other  attributes  which  reflect 
trend,  it  still  has  value  when  subjectively  related 
to  visible  changes  in  photographed 
characteristics  such  as  cover  or  density. 

The  range  examiner  should  know  the 
significance  of  change  in  frequency. 
Biologically,  change  in  plant  frequency  means 
live  members  of  a  species  have,  over  time, 
increased  or  decreased  relative  to  their  original 
presence.  This  change  may  have  been  caused  by 
change  in  any  one  or  a  combination  of  other 
plant  attributes.  In  addition,  the  occurrence  of  a 
plant  does  not  necessarily  mean  that  the  plant  is 
healthy. 

Species  recorded  as  present  are  often 
grouped  into  relative  desirability  classes  for 
subjective  range  condition  class  scorecards. 
Scorecards,  prepared  to  apply  to  a  particular 
plant  community,  assess  the  current  range 
condition.  Changes  in  scorecard  values,  over 
time,  imply  trend  in  condition.  But  because 
scorecards  presently  in  use  depend  heavily  on 
frequency  and  subjective  judgments,  they 
cannot  be  confidently  relied  upon  to  indicate 
trend  in  condition.  Also,  condition  scorecards 
have  yet  to  be  prepared  for  some  plant 
communities.  For  others,  scorecards  may  in 
some  way  be  deficient  because  of  lack  of  required 
ecological  understanding. 

There  is  a  way,  however,  to  determine 
more  than  changes  in  frequency  or  scorecard 


values  from  3-step  data.  It  involves  identifi- 
cation and  interpretation  of  photographed 
changes  in  other  characteristics  of  the  plant 
community.  The  photographs  are  thus  a 
valuable  part  of  the  method  when  used  to 
subjectively  relate  any  visible  plant  community 
changes  to  frequency  and  scorecard  changes. 
This  procedure,  details  of  which  follow,  brings 
into  use  all  good  features  of  the  3-step  method  — 
both  subjective  judgments  and  objective 
measurements. 


Framework  for  Interpretation 


A  5-phase  procedure  has  been  developed 
to  interpret  range  trend  from  3-step  data. 
Phases  1  and  2  include  the  standard  3-step  pro- 
cedure for  collecting  data  and  tentatively  inter- 
preting trend  in  range  condition  in  the  field  at 
the  time  of  measurement.  Phases  3  and  4  con-: 
cern  office  statistical  and  photointerpretivei 
procedures,  which  are  then  related  to  the  ten-; 
tative  field  interpretation.  Phase  5  is  assign-] 
ment  of  cause  of  trend  in  condition. 


Phase  1 

The  3-step  procedure  should  be  executed 
exactly  as  prescribed,  including  improvements 
that  enhance  the  basic  method.  The  best 
phenological  time  for  species  identification  and 
transect  reading  should  be  set  with  strict  limits 
Past  data  that  do  not  meet  these  or  othei 
important  standards  usually  should  not  be  used.  : 

Employ  any  devices  that  will  increase  the 
chance  of  correct  measurement  and  interpre  : 
tation.  For  example,  cluster  herbariums  may  b( 
useful  where  species  identification  is  difficult 
Condition  scorecards  will  have  the  most  value  i 
they  are  refined  so  they  apply  to  community 
types  within  broad  vegetation  types.  Higl 
quality  photographs  are  vital  for  futun 
interpretation.  Color  photos  are  preferable. 


Phase  2 

Next,    make    a    tentative    on-the-groun< 
interpretation  of  short-  and  long-term  trend  am 
its  cause.  Short-term  trend  compares  the  curren 
measurement    to    the    previous    measurement 
while    long-term    trend    compares   the   curren 
measurement  to  all  earlier  measurements.  I 
available,  use  valid  subjective  trend  tables  basei 
on    change    in    condition   scores    (Wood    an 
Woolfolk    1960).    Carefully   compare   the    pas- 
photos  to  the  scene  at  the  time  the  curren ; 
transect   photos    are   taken.   Any   visible   an. 
describable    evidence    of    change    should    b  -' 


documented  for  final  office  interpretation.  Look 
for  changes  in  basal  cover,  shrub  crown  cover, 
density,  plant  dispersion,  and  other  factors 
which  may  explain  changes  in  frequency. 

An  on-the-ground  judgment  of  whether 
short-  and  long-term  trends  are  up,  down,  or 
static  should  be  made  primarily  for  general 
categories.  Such  categories  as  bare  soil,  total 
plant  cover,  forage  plant  cover,  litter,  and  other 
characteristics  are  the  most  likely  to  be  visible  in 
the  photographs.  Any  other  important 
observable  attributes  such  as  density  and 
dispersion  should  also  be  noted.  Secondarily, 
trend  direction  should  be  judged  for  one  or  more 
important  species,  especially  if  they  can  be 
identified  on  the  past  photos. 

While  on  the  cluster  area,  study  both 
written  and  visible  supplemental  information 
for  clues  to  the  cause  of  trend  in  condition  and 
document  them.  Include  livestock  manipula- 
tion, cultural  improvements,  weather  influences, 
plant  diseases,  influence  of  insects,  wildlife  use, 
and  drastic  impacts  such  as  fire. 


Phase  3 

Gather  all  data  and  photos  together  in  the 
office.  Make  statistical  tests  to  determine  if 
frequency  has  changed  significantly  for  plant 
groups,  important  species,  and  nonplant 
factors.  These  tests  can  be  made  easily  on  a 
preprogramed  desk  calculator  or  on  a 
computer.  Relate  statistical  tests  of  frequency  to 
visible  photo  changes. 

Statistical  tests  for  significant  trends  in 
frequency  require  that  clusters  have  two  or  more 
transects  and  three  or  more  years  of  measure- 
ment to  meet  the  minimum  requirement  for 
degrees  of  freedom.  Each  transect  is  one  sample 
unit.  Therefore,  at  least  two  transects  are 
required  to  get  a  measure  of  variance.  Vegeta- 
tion and  soil  condition  scores  are  summarized  for 
each  transect  and  combined  to  obtain  one 
condition  score  for  each  cluster.  Therefore, 
statistical  tests  cannot  be  made  for  change  in 
condition  scores.  One-transect  clusters  and 
clusters  measured  only  twice  are  still  useful  for 
subjective  interpretation.  Except  for  statistical 
tests,  they  can  be  interpreted  by  most  of  this 
i    procedure,  including  photos. 

For  those  clusters  tested  for  trends  in 
frequency  of  plant  and  soil  factors,  these  tests 
are  useful: 

1.   Analysis  of  variance  (Cochran  and  Cox  1957) 

with  orthogonal  comparisons  to  find  if: 

a.    Differences  in  frequency  between  years 

of   measurement    are    significant.    This 

may  indicate  a  short-  or  long-term  trend. 


b.    With    repeated    measurement  over   time, 
some    equation    best    fits    changing    fre- 
quency   data    (linear,    quadratic,    cubic, 
quartic,  and  SO  forth).  This  can  indicate 
the  nature  of  the  long-term  trend,  such 
as    continuous    increase,    decrease,    or    a 
cyclic  situation. 
C.    Differences  in   frequency  between  trans 
ects    in    any    one    year    are    significant. 
This     may     indicate     site     confounding 
within  the  cluster. 
'1.    Duncan's   multiple   range  test  to  determine 
which  years  of  frequency  are  different  from 
or  the  same  as  other  years  (Duncan   L955), 
This  test  sorts  years  into  homogeneous  sets 
of  frequency  values.  It  indicates  time  inter- 
vals   when    short-term    trends   occurred,    or 
intervals  of  no  change. 

Carefully  interpret  photos, 
simultaneously  viewing  photos  from  all 
transects  and  dates.  Relate  visible  changes  in 
important  trend  indicators  (such  as  basal  cover 
for  plant  and  soil  surface  factors)  to  the  changes 
in  frequency.  Photographic  evidence  of  change, 
or  lack  of  change,  in  cover  may  or  may  not  be 
supported  by  results  from  frequency  tests.  These 
possibilities  exist: 

1.  If  the  photographic  evidence  of  change  in 
some  important  item,  such  as  cover,  is 
convincing,  it  should  be  accepted.  If  change 
in  cover  is  in  the  same  direction  as  significan  t 
change  in  frequency,  the  two  support  each 
other,  and  change  in  cover  is  likely  a  factor 
affecting  frequency.  This  is  strong  evidence 
of  trend  in  condition. 

2.  If  frequency  change  is  not  significant  (static), 
and  pictorial  evidence  of  change  in  some 
factor,  such  as  cover,  is  strong  a  conflict 
exists.  Photointerpretation  is  accepted,  and  it 
is  concluded  that,  while  cover  has  changed,  it 
has  not  significantly  affected  frequency.  This 
is  mild-to-strong  evidence  of  trend. 

3.  If  convincing  photo  evidence  of  change  in 
cover  is  in  opposition  with  significant  change 
in  frequency,  a  more  serious  conflict  exists. 
( )lten  it  is  best  to  accept  changes  visible  on 
the  photos.  For  example,  when  a  plant  is  hit, 
litter  and  other  soil  surface  factors  are  not 
recorded.  Thus,  litter  and  other  soil  surface 
factors  may  appear  to  he  decreasing  in 
frequency  while  actually  increasing  in  cover. 
Thus,  the  photointerpretation  may  still  he 
mild-to-strong  evidence  of  trend. 

4.  A  situation  may  exist  where  photos  give  no 
convincing  evidence  of  change  in  any 
important  attribute.  Then  more  reliance  must 
be  placed  on  the  frequency  test.  This  is 
weaker  evidence  of  trend. 


Phase  4 

The  supportive  and  nonsupportive 
relationships  between  statistical  tests  of 
frequency  and  photographed  indicators  of  trend 
should  be  assembled  in  an  orderly  way  for  final 
interpretation.  Keep  the  management  objectives 
in  mind  for  the  particular  cluster  and  site  for 
which  it  is  a  benchmark.  Relate  all  the  office 
interpretations  (phase  3)  to  the  tentative 
interpretation  of  trends  made  in  the  field  (phase 
2).  Office  interpretations  may  or  may  not  support 
tentative  field  interpretations.  Use  the  strongest 
of  the  assembled  evidence,  and  decide  direction 
of  trend  for  both  vegetation  and  soil. 


Phase  5 

After  study  of  supplemental  information, 
prepare  a  statement  of  what  agent  is  interpreted 
to  have  caused  the  trend  in  range  condition.  For 
example,  it  may  be  a  grazing  system  or  a 
reduction  in  livestock  numbers  and  utilization. 
Other  impacts  (weather,  fire,  rodents,  game 
conflicts,  range  management  practices)  may  be 
the  main  causal  agent  of  change,  rather  than 
livestock  manipulations.  If  supplemental 
information  is  insufficient,  it  may  be  impossible 
to  name  a  cause.  For  example,  weather  influ- 
ences are  often  different  between  and  during 
sampling  years.  The  type  of  growing  season 
should  be  documented  for  each  measurement 
year,  as  well  as  intervening  years,  so  that 
weather  influences  can  be  considered  in  the 
interpretation  process.  If  vital  supplemental 
information  is  lacking,  it  should  be  indicated 
for  collection  in  the  future. 

After  cause  of  trend  on  the  cluster  area  is 
assigned,  range  management  decisions  must  be 
made  relevant  to  current  management 
objectives.  These  decisions  may  require 
allotment  inspection  on  important  sites  similar 
to  the  cluster  site.  Wise  and  prompt  action  is 
important  if  range  trends  are  down  and 
condition  is  less  than  good. 


Examples  of  3-Step  Condition  Trend 
Interpretation 


Two    examples    follow 
many    trend    interpretation 


which  illustrate 
problems.  They 
illustrate  a  way  to  proceed  through  phases  3,  4, 
and  5.  In  these  cases,  National  Forest  range 
examiners  made  measurements,  including 
frequency,  took  the  photos,  and  made  tentative 
field  determination  of  trend  in  range  condition 
(phases  1  and  2).  The  34-inch  loop-frequency 
data  will  be  discussed  as  frequency,  recognizing 


that  different  Forest  Service  Regions  use 
different  terminology  for  this  measurement, 
especially  for  the  larger  categories  of  plant  and 
soil  surface  characteristics.  For  example,  two 
Regions  retain  the  original  terminology,  "plant 
density  index"  (Parker  1951),  for  all  the  plants 
recorded  on  a  cluster.  Two  Regions,  including 
Intermountain  Region  (Region  4),  refer  to  this  as 
"plant  cover  index,"  one  Region  calls  it  "total 
plant  hits,"  and  another  "plant  index."  A  more 
precise  term  would  be  "total  plant  frequency." 
The  important  point  is  for  a  range  examiner  to 
know  that  these  various  terms  refer  to  the  same 
measurement  —  frequency.  In  the  examples  that 
follow,  Region  4  terms  will  be  retained  but 
discussed  as  change  in  frequency. 


Soda  Springs  Cluster 

The  first  example,  Soda  Springs  Cluster,  is 
a  three-transect  cluster  measured  four  times  — 
1954, 1959, 1964,  and  1969.  It  is  representative  of 
a  meadow  type  on  the  Caribou  National  Forest, 
Idaho. 

This  cluster  is  in  a  slender  wheatgrass 
(Agropyron  trachycaulum  (Link)  Malte)- 
mountain  brome  (Bromus  marginatus  Ness) 
plant  community.  Fifteen  other  grass  and  forb 
species  were  listed  in  1964.  The  elevation  is  7,200 
feet,  the  slope  less  than  5  percent.  Sixty  percent 
of  the  approximately  25  inches  of  precipitation 
comes  as  snow.  The  soil  is  over  3  feet  deep  with 
few  surface  rocks.  The  site  produces  an 
estimated  1,500  pounds  of  air-dry  herbage. 
Average  range  readiness  date  is  July  1.  Sheep 
graze  the  allotment  with  light  deer  and  elk  use. 
There  is  pocket  gopher  activity  on  the  cluster,  but 
of  unknown  severity. 

Phase  3.  —  Four  examples  of  nine  items 
statistically  tested  are  given  (table  1 )  and  related 
to  photographs  (fig.  1).  Transect  2  photographs 
shown  for  four  dates  illustrate  changes  repre-  j 
sentative  of  those  visible  on  the  other  two 
transects.  Glossy  prints  used  by  the  range  j 
examiners  are  of  somewhat  better  quality  than 
the  reproductions  here. 

Plant  cover  index  (frequency)  was  , 
statistically  tested  and  interpreted  on  photos 
(table  1).  The  increase  in  mean  frequency  (7.7  to  j 
28.3)  is  significant  (P  =  0.10)  by  the  analysis  of 
variance.  By  orthogonal  comparisons,  it 
significantly  (P  =  0.05)  fits  an  upward  linear 
trend. 

The  multiple  range  test  indicates  two 
homogeneous  subsets  of  mean  reading  times  — 
3,  4,  and  1,  2,  3.  This  indicates  higher  frequency 
in  1969  (4)  than  in  1954  (1)  and  1959  (2).  The 


Table  1 . --Stat ist ical  tests  of  frequency  changes  related  to  photointerpretat ion  of  change  in  other  attributes. 
Soda  Springs  Cluster,  Caribou  National  Forest,  Idaho 


Statistical 
tests   and 
photo- 
interpretation 

PLANT  COVER  INDEX 

LITTER 

BARE 

SOIL 

SLENDER  WHEATGRASS 

(i) 

1954 

(2)      (3) 
1959   1964 

w 

1969     Total 

(1) 
195' 

(2)      (3)       (4) 
1959    1964      1969     Total 

(1)       (2) 
1954   1959 

(3)        (4) 
1964      1969     Total 

(1)       (2)       (3)       (4) 
1954    1959   1964    1969 

Total 

FREQUENCY    BY    READING 

TIMES: 

Transect    1 

18 

24        11 

33           86 

26 

15         36         39       116 

55       60 

52         28        195 

8         7         2         5 

22 

Transect   2 

3 

3        20 

28            5<) 

22 

3         39         26         90 

73       92 

38         44       247 

115         7 

14 

Transect   3 

2 

4       19 

24           49 

Ik 

16         kk         51        145 

64       80 

37         25       206 

0         3         3         2 

S 

Year    total 

23 

31        50 

85         189 

62 

34       119       116       351 

192     232 

127         97       648 

9       II        10       14 

44 

Year  mean 

ANALYSIS    OF   VA 
WITH   0RTH0G0NA 

7.7 

10.3   16.7 

28.3       63.0 

27.: 

11.3     39.7     38.7   117.0 

64.0  77.3 

42.3     32.3  216.0 

3.0     3.7     3.3     4.7 

14.7 

RIANCE 

L   COMPARISONS: 

Var  iat ion 
source--              DF 

F 

Tabular   F 

F              Tabular   F 

F 

Tabular   F 

F            Tabular 

F 

Read  ings 

3 

4.63* 

3.29    (.10) 

21.42**       4.75    (.05) 

1 1  . 39** 

4.76    (.05) 

.19  NS      3.29    ( 

10) 

Linear 

1 

12.77** 

5.99    (.05) 

23.92**       5.99    (.05) 

23. 10** 

5.99    (.05) 

■39  NS      3.78    ( 

10) 

Quadratic 

1 

1 . 1 1    NS 

3.78    (.10) 

6.93**       5.99    (.05) 

3.72  NS         3.78   (.10) 

.04   NS      3-78    ( 

10) 

Cubic 

1 

.01    NS 

3.78    (.10) 

33.41**       5.99    (.05) 

7.35** 

5.99    (.05) 

.13  NS     3.78    (. 

10) 

Transects 

2 

1.8')    NS 

3. 46    (.10) 

7.77**       5.14    (.05) 

1.71   NS         3.46   (.10) 

1 .50  NS     3.46   (. 

10) 

Error 

6 

Total 

MULTIPLE 
RANGE   TEST 

11 

2   homogeneous 
of    reading 
3,   4 
1  ,    2, 

subsets 
times 

3 

3 

homogeneous    subsets 
of    reading    times 

4,    3 

1 

2 

2   homogeneous   subsets 
of    reading    times 
1,    2 
4,    3 

1    homogeneous    subset 
of    reading    times 

1,    2,    3,    4 

PHOTO- 
INTERPRETATION 

U£* 

Static   Down   Not   clear 

U£* 

Static   Down   Not   clear 

Up   Static 

Down-''   Not   clear 

Up   Static   Down  Not 

clear* 

There  appears    to   be  more 
plant   basal    cover   and 
higher   plant   density. 

More    litter   covers    the   soil 
in   both    1964  and    1969. 

Both   soi 1 
apparent . 

area    is    less 

Unable    to    identify    individ- 
ual   species   on    photos.    How- 
ever,   perennial    grasses   ap- 
pear   to  have    increased    in 
cover,    density,    and   percent 
age   composition. 

examiner  can  be  reasonably  certain  that 
frequency  has  increased,  but  he  does  not  know 
why  until  after  studying  photos  from  all  three 
transects  for  four  dates.  Through  photo- 
interpretation,  he  can  see  that  increased  plant 
basal  cover  and  density  explains  much  of  the 
increase  in  frequency. 

Litter  is  tested  in  the  same  way,  and  is 
significant  (table  1).  The  test  for  differences 
between  transects  is  also  significant. 
Differences  are  caused  by  the  variation  of 
readings  within  years.  Significance  between 
transects  may  indicate  transects  are  located  on 
different  sites.  A  ground  check  should  be  made  if 
site  confounding  is  suspected.  Transect 
differences  could  also  be  caused  by  examiners' 
judgment  of  whether  a  loop  contains  more  litter 
or  soil. 

Frequency  trend  for  litter  fits  the  linear, 
cubic,  and  quadratic  curves  (fig.  2).  The  cubic 


curve  provides  information  from  all  four  data 
points,  and  is  of  more  value  than  the  other 
curves.  It  shows  a  significant  long-term  upward 
trend  in  litter  from  1954  to  1964  and  1969.  The 
cubic  also  indicates  a  recent  (1964  to  1969) 
tendency  toward  a  static  trend.  Assuming 
management  is  not  changed,  this  suggests  that 
when  the  next  measurement  is  made,  litter  will 
be  relatively  unchanged.  The  multiple  range  test 
indicates  higher  frequency  values  the  last  2 
years.  This  frequency  increase  in  litter  is 
explained  in  part  by  a  visible  increase  in  litter 
cover  (fig.  1). 

Ground  cover  index  sums  all  frequency 
values  except  bare  soil.  In  this  case,  it  is  almost 
entirely  the  summation  of  plant  cover  index  and 
litter,  both  of  which  showed  an  upward  trend 
supported  by  photointerpretation.  For  this 
reason,  the  analysis  is  not  shown.  Because  more 
soil   is    covered,    as   seen   in    the    photos,    the 
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1954 


1959 


1964 


1969 


conclusion  is  that  a  desirable  trend  has  occurred. 
Soil  erosion  hazard  is  less,  and  soil  stability  is 
probably  greater. 

Table  1  illustrates  a  desirable  trend  of 
significantly  less  bare  soil.  Areas  of  bare  soil  are 
less  apparent  in  the  1964  and  1969  photographs 
(fig.  le,  h).  Therefore,  the  soil  erosion  hazard 
again  appears  to  be  less  in  1964  and  1969  than  in 
earlier  years.  The  significant  cubic  test  suggests 
that  the  rate  of  increase  in  soil  coverage  has 
slowed  since  1964. 

The  tests  for  slender  wheatgrass  (table  1) 
show  no  significant  change  in  frequency.  This 
species  is  not  clear  on  the  photographs,  which 
points  up  the  difficulty  of  detecting  change  on 
the  photos  for  sparse  individual  species.  If  the 
two  most  abundant  perennial  grasses,  slender 
wheatgrass  and  mountain  brome,  are  combined, 
however,  frequency  increased  significantly  from 
3.3  (1954)  to  19.3  (1969).  This  is  supported  by  a 
visible  increase  in  cover  and  density  of  grasses 
(fig.  lg,  h).  The  change  is  an  improvement  in 
species  composition  —  an  indicator  of  an  upward 
trend  in  range  condition. 

Phase  4.  —  Consider  all  the  decisions 
arrived  at  through  tests  of  frequency  related  to 
photointerpretation  of  change  in  other 
attributes.  Then  decide  whether  to  agree  with 
tentative  trend  in  condition  arrived  at  in  the 
field.  Tentative  and  final  trends  are  shown  in  the 
top  half  of  table  2,  and  results  of  long-term  photo- 
interpretation  are  shown  at  the  bottom.  Six 
important  factors  (bottom,  table  2)  have  changed 
in  frequency,  cover,  or  other  factors  in  a  direction 
that  can  only  be  considered  a  long-term  upward 


trend  in  both  vegetation  and  soil  over  the  15-year 
period.  There  is  a  short-term  indication, 
however,  that  the  upward  trend  in  vegetation 
and  soil  condition  has  slowed  since  1964.  Thus, 
the  interpreter  would  agree  with  the  tentative 
trends  in  vegetation  and  soil  made  in  the  field  in 
1969. 

Other  measured  or  observed  items  may 
further  support  these  conclusions.  On  this 
cluster  there  were  three  supporting  items: 

1.  Current  soil  erosion  —  1954  (severe),  1959 
(advanced),  1964  (slight),  and  1969  (slight). 

2.  Plant  species  composition  (ratio  of 
percentages)  of  desirables  to  intermediates  — 
1954  (26/49),  1959  (36/36),  1964  (25/38),  and 
1969  (42/41). 

3.  Vigor  (height)  of  slender  wheatgrass, 
expressed  as  percent  of  a  height  standard 
from  a  protected  area:  1954  (41),  1959  (70), 
1964  (81),  and  1969  (60).  In  1964,  this  meadow 
was  ungrazed. 


Phase  5.  —  Determine  the  cause  of  the 
trends.  Available  supplemental  information 
revealed  the  following  facts: 


1. 


3. 


Length  of  summer  grazing  season  for  sheep 
has  been  constant. 

Heavy  use  was  common  prior  to  1954.  Since 
then,  grazing  has  been  moderate,  except  in 
1964  when  the  allotment  was  ungrazed. 
Stocking  rate  was  stable  prior  to  1954.  Sheep 
numbers  were  reduced  substantially  in  1954 
and  1963. 


Table  2. --Trends  in  range  condition  related  to  trends  in  frequency  and  photointerpretat ion  of  trends  in  other  attributes, 
Soda  Springs  Cluster,  Caribou  National  Forest,  Idaho 


TRENDS  IN  VEGETATION 

TRENDS 

IN 

SOIL 

TENTATIVE 
Short-term 

(PHASE    2) 
Long- term 

FINAL 

(PHASE    It) 

TENTATIVE 

(PHASE    2) 

FINAL 

(PHASE   <t) 

Year 

Short-term 

Long-term 

Short- term 

Long-term 

Short-term 

Long-term 

195<< 

static 

-- 

down 

-- 

1959 

up 

up 

up 

U| 

I96<< 

up 

up 

up 

up 

1969 

static 

up 

Yes, static 

since    1964 

Yes,    up 
since    1 9  51* 

static 

up 

Yes,    static 
since    196*1 

Yes,    up 
since    195^ 

RESULTS  OF  STATISTICAL  TESTS  OF 
LONG-TERM  CHANGE  IN  FREQUENCY 

UP 


STATIC 


PHOTOINTERPRETATION  AGREEMENT  WITH  LONG-TERM 
CHANGE  IN  FREQUENCY  WHEN  RELATED  TO  OTHER  ATTRIBUTES 


Plant  cover  index  Yes,  basal  cover  up 

Forage  cover  index   Yes,  basal  cover  up 

Litter Yes,  more  soil  covered  by  litter  in  both  I964  and  1969 

Ground  cover  index   Yes,  more  soil  covered  by  plants  and  litter 

Perennial  grasses  Yes,  basal  cover  and  density  up 

Soil Yes,  less  area  of  bare  soil  apparent 

Slender  wheatgrass   Not  clear,  species  cannot  be  identified  on  photos 


5. 


6. 


Deferred   rotation    grazing   was   started   in 

1954. 

Big-game  use  has  generally  been  light  and 

without  conflict  with  sheep. 

Some  destructive  pocket  gopher  activity;  no 

control  measures  mentioned. 


A  causal  statement  can  be  made  as 
follows:  The  upward  trend  in  vegetation  and  soil 
condition  has  been  the  result  of  introduction  of 
deferred  rotation  grazing  (1954),  plus  reduction 
in  sheep  numbers  (1954  and  1963),  with 
consequent  lighter  livestock  use. 


Adams  Gulch  Cluster 

The  second  cluster  example,  also  in  Idaho, 
is  on  the  Sawtooth  National  Forest.  It  is  on  a 
relatively  flat  area  within  an  extensive 
sagebrush-grass  site  at  an  elevation  of  6,000  feet. 
Precipitation  is  about  25  inches  per  year,  with  60 
percent  as  snow.  The  soil  is  a  sandy  clay  loam  2 
to  3  feet  deep  with  few  surface  rocks.  The  cluster 
is  located  within  a  60-acre  area  that  was  seeded 
to  smooth  brome  (Bromus  inermis  Layss.)  and 
crested     wheatgrass     (Agropyron    desertorum 


(Fisch.)  Schult.)  in  1947  to  increase  the  forage 
supply  for  cattle.  Fourteen  other  plant  species 
were  noted  on  the  area,  the  most  important  being 
big  sagebrush  (Artemisia  tridentata  Nutt.). 
Transect  3  illustrates  the  changes  that  have 
taken  place  (fig.  3),  and  is  representative  of  what 
can  be  seen  on  the  other  two  transects. 

This  cluster  introduces  special  problems 
because  of  the  shrubby  layer  of  vegetation.  When 
the  %-inch  loop  hits  a  shrub  crown,  the  crown  is 
recorded  as  overstory  and  a  second  record  is 
made  of  the  basal  frequency  beneath  the  crown. 
If  these  basal  understory  hits  are  ignored, 
misleading  interpretations  of  what  is  taking 
place  at  ground  level  will  result.  To  make  the 
most  use  of  the  data,  the  crown  and  understory 
basal  hits  must  be  considered  separately.  Shrub 
crowns  protect  the  soil  from  rain,  wind,  and 
livestock  trampling,  but  they  also  have  the 
disadvantage  of  making  the  grasses  underneath 
unavailable  to  livestock.  In  table  3,  the 
frequency  data  are  presented  as  they  are  often 
summarized  —  disregarding  understory  hits. 
These  understory  hits  are  considered,  however. 
in  the  photointerpretation  portion  of  the  table. 
Even  more  complex  problems  can  be  introduced, 
over   time,   by   changes   in    tree  canopy   which 
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Table  3. --Statistical  tests  of  frequency  changes  related  to  photointerpretat ion  of  change  in  other  attributes, 
Adams  Gulch  Cluster,  Sawtooth  National  Forest,  Idaho 


Statistical 
tests  and 

SMOOTH  BROME 

AND 

PLANT  COVER 

INDEX 

LITTER 

BARE 

SOIL 

CRESTED  WHEATGRASS 

BIG  SAGEBRUSH 

photo- 





interpretat  ion 

(1)  (2)   (3) 

(1) 

(2)  (3) 

(I) 

(2) 

(3) 

(i) 

(2)  (3) 

(i)     (2) 

(3) 

1952  1957    1962 

Total 

1952 

1957  1962 

Total 

1952 

1957 

1962 

Total 

1952 

1957  1962 

Total 

1952  1957 

1962  Total 

FREQUENCY  BY  READING  TIMES: 

Transect  1 

10    31    6*1 

105 

22 

28       4 

54 

63 

35 

27 

125 

4 

8    2 

14 

6    22 

62    90 

Transect  2 

19    41    50 

1  10 

3y 

18   16 

73 

40 

39 

3^ 

113 

16 

14    3 

33 

3  2k 

46    73 

Transect  3 

7    31    64 

102 

20 

24    3 

47 

66 

38 

32 

136 

4 

1     2 

7 

0   28 

61    89 

Year  total 

36   103   178 

317 

81 

70   23 

174 

169 

112 

93 

374 

24 

23    7 

5k 

9  Ik 

I69   252 

Year  mean 

12.0  34.3  59.3 

105.7 

27.O 

23.3  7.7 

58.0 

56.3 

37.3 

31.0 

124.7 

8.0 

7.7  2.3 

18.0 

3.0  24.7 

56.3  84.0 

ANALYSIS  OF  VARIANCE 

WITH  ORTHOGONAL  COMPARISONS: 


Var  iat  ion 

source-- 

Uh 

Readi  ngs 

2 

25.44**   6.94 

(.05) 

5.01*     4.32  (.10) 

5.94* 

4.32  (.10) 

2..00  NS   4.32  (.  10) 

63.17**   6.94  (.05) 

L  i  near 

1 

50.83**   7.71 

(.05) 

8.88**    7.71  (.05) 

10.97* 

7.71  (.05) 

3.18  NS   4.54  (.10) 

124.88**   7.71  (.05) 

Quadrat  i  c 

1 

.05  NS   4.54 

(.10) 

1.14  NS   4.54  (.10) 

.91  NS 

4.54  (.10) 

.82  NS   4.54  (.10) 

1 .46  NS  4.54  (.10) 

Transects 

2 

.08  NS   4.32 

(.10) 

.96  NS   4.32  (. 10) 

.50  NS 

4.32  (.10) 

3.98  NS    4.32  (.10) 

.89  NS  4.32  (.10) 

Error 

k 

Total 

8 

MULTIPLE 

No  homogeneous 

sub- 

2  homogeneous  subsets 

2  homogeneous  subsets 

1  homogeneous  subset 

No  homogeneous  subsets 

RANGE  TEST 

set  of  reading 

t  imes 

of  reading  times 

of  read 

ing  times 

of  reading  times 

Each  mean  diff 

srent 

2,  1 

3,  2 

1, 
2, 

2 
3 

1,  2,   3 

Each  mean  different 

from  the  oth 

;r. 

from  the  other. 

PHOTO- 

INTERPRETATION 

Up-  Static  Down 

Not 

Up*  Static  Down  Not 

Up  Static 

Down*  Not 

Up  Static  Down*  Not 

Up*  Static  Down  Not 

clear 

clear 

clear 

clear 

clear 

More  basal  and 

shrub 

Larger  area  of  soi 1 

There  is 

less  area  of 

Based  on  availability 

Crown  cover  increase 

crown  cover.   Basal 

covered  by  1 i  tter . 

bare  soi 1 

,  especial ly 

they  are  down  in 

is  very  apparent. 

frequency  alone 

was  9 

Deceptive  situation 

if  shrub 

crowns  are 

cover  and  density  be- 

Shrub density  is  up 

(1952),  10  (1957), 

here  because  1 i  tter 

incl uded . 

cause  of  sh_ub  crown 

and  shrub  crown  size 

and  8  (1962)  or 

stat  ic; 

under  shrub  crowns  is 

increase.   But  in- 

is increasing.   Dis- 

however, this  trend  is 

not  represented  in 

cluding  hits  under 

persion  of  shrubs  is 

not  visible  on 

he 

these  frequency  values. 

crowns,  frequency  in 

more  widespread. 

photos  because  of  sage- 

Actually ,  basal  1 i  tter 

1962  is  6  (not  2.3) 

brush  crowns. 

hits  (exluding  crowns) 
is  29  in  1 962--S 1 ightly 
up  or  at  least  static. 

meaning  many  seeded 
plants  are  present  bu 
no  longer  available. 

t 

influence  the  herbaceous  and  shrubby  plant 
layers.  Tree  overstory  should  be  measured  and 
considered  separately. 

Phase  3.  —  Plant  cover  index  (frequency) 
is  up  (table  3)  when  shrub  crown  hits  and  basal 
hits  in  the  interspace  between  shrubs  are  added. 
Analysis  of  variance  is  significant  between 
years;  orthogonal  comparisons  show  a 
significant  linear  up  trend  in  frequency.  The 
multiple  range  test  indicates  that  frequency  for 
any  one  year  is  significantly  different  from  all 
other  years.  From  the  photos,  it  is  obvious  that 
cover  is  increasing,  especially  sagebrush  crown 
cover  (fig.  3).  However,  basal  plant  frequency 
(excluding  shrub  crown  hits)  is  static:  9  (1952),  10 


(1957),  and  8  (1962).  Because  of  the  shrubs,  this 
static  trend  in  basal  plant  frequency  is  not 
visible  in  the  photographs,  and  understory 
frequency  data  must  be  considered. 

Litter  can  be  considered  two  ways.  In  table 
3,  frequency  of  litter  in  the  openings  between 
shrub  crowns  was  analyzed.  It  gave  a  deceptive 
but  significant  linear  down  trend  in  frequency. 
When  frequency  of  litter  under  the  shrub  canopy 
was  added  to  that  between  shrub  crowns, 
however,  frequency  was  29  (1952),  38  (1957),  and 
29  (1962),  a  near  static  trend.  After  study  of  the 
dense  shrub  stand  in  the  1962  photos  (fig.  3e,  f),  it 
can  be  reasoned  that  it  was  difficult  for  the 
examiner,  looking  through  the  dense  shrub 
crowns,    to    accurately   estimate   litter   or  soil 
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within  a  Yi-inch  loop.  With  shrub  leaves,  hark. 
and  twigs  being  shed  to  become  litter,  it  can  be 
interpreted  that  a  larger  area  of  soil  was  covered 
by  litter  in  1962  than  in  1952  —  a  desirable 
situation  for  soil  stability. 

Statistical  tests  of  bare  soil  show  a 
favorable  linear  down  trend  from  1952  to  1962 
(table  3),  if  shrub  crown  frequency  is  included. 
The  photogi-aphs  show  less  area  of  bare  soil 
exposed  to  rain,  wind,  and  livestock  trampling 
(fig.  3e,  f). 

The  trend  of  the  two  seeded  grass  species, 
smooth  brome  and  crested  wbeatgrass,  is 
important  (table  3).  Their  response  was  the  same 
as  forage  cover  index  and  desirable  plant  index 
because  they  were  the  main  components  of  those 
groups.  Statistical  tests  of  frequency  for  the 
seeded  species  show  no  significant  trends,  even 
though  the  values  fell  from  8  to  2.3,  excluding 
basal  understory  frequency.  When  basal 
frequency  under  shrub  crowns  was  included, 
frequency  of  the  seeded  species  was  8.4  (1952),  8.3 


(1957),  and  6.7  (1962),  a  static  situation.  Based  on 
evidence  of  frequency  seen  on  the  photos  (fig.  3), 
and  availability  to  livestock,  the  seeded  species 
show  a  down  trend  in  basal  cover,  a  decrease  in 
density,  and  a  change  in  dispersion. 

Big  sagebrush  frequency  shows  a 
significant  linear  up  trend  due  to  crown  hits 
(table  3).  Photointerpretation  shows  many 
attributes  that  affect  frequency  have  changed. 
Crown  cover  has  increased,  shrub  density  is  up, 
shrub  crown  size  is  larger,  individual  shrubs  are 
more  widely  dispersed,  and  shrub  size  class 
distribution  has  changed  from  a  few  large  plants 
in  1952  to  many  small-to-large  plants  by  1962. 

Phase  4.  —  Consider  all  the  decisions 
arrived  at  through  tests  of  frequency  related  to 
changes  of  other  important  factors  visible  on  the 
photographs.  Then  decide  whether  to  agree  or 
disagree  with  tentative  condition  trends  arrived 
at  in  the  field.  Tentative  and  final  trends  in 
condition  are  shown  at  the  top  of  table  4,  and 


Table  '(.--Trends  in  range  condition  related  to  trends  in  frequency  and  photointerpretation  of  trends  in  other  attributes, 

Adams  Gulch  Cluster,  Sawtooth  National  Forest,  Idaho 


TRENDS  IN  VEGETATION 

TRENDS 

IN  SOIL 

Year 

TENTATIVE 
Short-term 

(PHASE    2) 
Long-term 

FINAL 

(PHASE    k) 

TENTATIVE 

(PHASE    2) 

FINAL 

(PHASE    b) 

Short-term 

Long-term 

Short-term 

Long-term 

Short-term 

Long-term 

1952 
1957 

up 

- 

up 

- 

down 

down 

static 

down 

1962 

down 

down 

Yes ,down 
since    1957 
(based 

or 

Yes ,    down 
since,    1952 
seed  i  ng) 

static 

down 

No,    up 
since    1957 

No,    up 
since    1952 

RESULTS  OF  STATISTICAL  TESTS  OF 
LONG-TERM  CHANGE  IN  FREQUENCY 


UP 


STATIC 


PHOTOINTERPRETATION  AGREEMENT  WITH  LONG-TERM 
CHANGE  IN  FREQUENCY  WHEN  RELATED  TO  OTHER  ATTRIBUTES 


Plant  cover  index   Yes,  basal  plus  crown  cover  has  increased;  basal  only  is  static 

Forage  cover  index  No,  down,  forage  is  being  covered  by  shrub  crowns 

Desirable  plant  index   ....  No,  down,  desirable  plants  (seeded  species)  are  being  covered  by  shrubs 

Ground  cover  index  Yes,  basal  plus  crown  cover  has  increased 

Soil.  .  Yes,  there  is  less  area  of  bare  soil,  especially  when  shrub  crowns  are  included 

Litter.  No,  up,  if  crown  hits  are  excluded,  and  all  basal  hits  included,  a  larger  area 
of  soi 1  is  covered 

Smooth  brome      I No,  down,  decrease  in  cover  and  density  of  available  seeded  species  because 

Crested  wheatgrass  1 of  shrub-crown  coverage 

Big  sagebrush Yes,  crown  cover  is  much  greater,  crown  sizes  are  increasing,  shrub  density 

is  higher,  dispersion  is  greater 
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long-term  trend  results  of  photo  and  statistical 
interpretation  at  the  bottom. 

Five  important  factors  have  changed.  Big 
sagebrush  increased  in  cover  as  well  as 
frequency  —  a  long-term  downward  trend  based 
on  the  goal  of  seeding  for  increased  grazing 
capacity.  This  increase  in  big  sagebrush  has 
been  the  main  reason  that  both  plant  cover  index 
and  ground  cover  index  have  significantly 
increased.  From  a  soil  condition  standpoint,  this 
can  be  considered  a  long-term  up  trend.  Litter, 
while  shown  as  down  in  frequency  as 
summarized,  is  actually  up  or  static,  if  litter 
under  shrub  crowns  is  considered.  The  trend  in 
litter  cover  and  consequent  improved  soil 
protection  is  an  up  trend  in  soil  condition,  and 
not  a  static  situation  as  was  judged  in  the  field  in 
1962. 

The  two  seeded  species  show  no  change  in 
frequency,  but  photointerpretation  of  shrub 
understory  frequency  indicates  that  herbaceous 
forage  is  becoming  less  available  due  to 
increases  in  sagebrush  cover.  From  the  cultural 
improvement  standpoint  (seeding  for  increased 
livestock  forage),  this  is  a  vegetation  down  trend. 
The  1962  decision  also  was  that  both  short-  and 
long-term  vegetation  condition  trends  were 
down.  Thus,  the  interpreter  would  agree  with  the 
tentative  trends  in  vegetation  judged  in  1962,  but 
disagree  with  the  tentative  trends  in  soil. 

One  other  factor  supports  the  long-term 
down  trend  in  vegetation  condition.  Species 
composition  (ratio  of  percentages  of  desirables  to 
intermediates)  has  deterioriated  badly:  1952 
(60/11),  1957  (24/10),  and  1962  (4/11). 

Phase  5.  —  The  cause  of  trend  is  assigned 
after  reviewing  the  following  supplemental 
information: 

1 .  Cattle  have  always  grazed  the  allotment  from 
June  1  to  September  15. 

2.  Use  has  always  been  very  heavy  on  the  area 
where  the  cluster  is  located. 

3.  Grazing  has  always  been  seasonlong. 

4.  Big-game  use  has  been  light  and  without 
conflict  with  livestock. 

5.  No  destructive  influences  have  been 
documented. 

6.  Sixty  acres  of  range,  including  the  cluster 
area,  was  seeded  to  smooth  brome  and  crested 
wheatgrass  in  1947,  15  years  before  the  1962 
measurement. 

A  causal  statement  can  be  made.  The  area 
seeded  in  1947  has  returned  to  a  stand  dominated 
by  big  sagebrush.  Heavy  seasonlong  grazing 
has  been  the  primary  factor  in  suppressing  the 
seeding,  and  likely  accelerated  the  increase  of 
sagebrush.  This  site  probably  was  naturally 


suited  to  support  a  plant  community  dominated 
by  big  sagebrush,  so  that  an  ecological  change 
back  to  sagebrush  was  inevitable. 


Conclusions 

Trend  in  range  condition  can  be 
interpreted  from  3-step  data  by  the  following  5- 
phase  approach.  It  is  designed  to  help  range 
examiners  search  for  evidence  of  significant  and 
biologically  important  trends  in  range 
condition,  and  identify  causal  agents. 

Phase  1.  —  Correctly  execute  the  3-step 
procedure  in  the  field  at  the  most  appropriate 
season  of  the  year.  This  requires  proper 
collection  and  summary  of  the  required  data, 
and  procurement  of  high-quality  photographs.  It 
is  also  important  to  document  supplemental 
information  to  aid  in  later  office  interpretation. 

Phase  2.  —  While  still  in  the  field, 
tentatively  identify  on-the-ground  condition 
trend  and  its  cause.  If  available,  use  trend  tables 
based  on  valid  subjective  scorecards.  Remember 
that  the  primary  measurement  portion  of  the 
method  is  %-inch  loop-frequency  —  a  plant 
community  character  that  is  both  simple 
(presence  or  absence)  and  complex  (affected  by 
many  other  plant  community  factors).  High- 
quality  photographs  are  essential  and  should  be 
used  to  detect  visible  changes  in  plant 
community  characteristics  other  than 
frequency.  Use  both  documented  and  visible 
supplemental  information  to  establish  tentative 
cause  of  trend. 

Phase  3.  —  In  the  office,  make  individual 
statistical  tests  of  frequency  for  plant  groups, 
important  species,  and  soil  surface  factors. 
Then,  by  careful  photointerpretation,  relate 
change  in  frequency  to  plant  community 
changes  visible  in  the  photos.  Search  for  visible 
change  in  factors  that  may  explain  change  in 
frequency.  Use  all  photographs  for  all  measure- 
ment dates.  The  trend  interpreter  usually  has 
seen  the  cluster  area  only  once  —  the  current 
measurement  date.  Thus,  an  interpreter  is> 
required  to  detect  change  in  plant  community 
character's  from  data  obtained  largely  by  others. 
Photographs  allow  the  current  interpreter  to 
view  the  scene  and  get  a  visual  feel  for  the 
characteristics  previous  range  examiners 
measured  and  described,  as  a  base  for  evaluating 
changes  that  have  since  occurred. 

Phase    4.     —    Assemble    all    statistical  j 
changes  in  frequency  and  photointerpretation 
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decisions,  and  compare  these  to  short-  and  long- 
term  tentative  trend  decisions  made  in  the  field. 
By  carefully  relating  all  statistically  tested 
changes  in  frequency  to  other  factors  visihle  in 
the  photographs,  it  is  often  possible  to  determine 
trend  in  vegetation  and  soil  condition.  It  is  most 
important  to  have  this  job  done  by  an  individual 
with  special  knowledge  of  the  mechanisms  of 
ecological  change,  plus  a  unique  ability  to 
explain  the  interpretation  clearly  to  others. 

Phase  5.  —  Consider  supplemental 
information,  and  assign  cause  of  trend  in 
condition.  For  some  clusters,  the  complexity  of 
the  change  that  has  occurred  may  be  impossible 
to  explain.  If  major  modifications  in  livestock 
management  have  occurred,  they  were  likely  a 
major  causal  agent  affecting  trends.  However, 
other  factors  such  as  weather  differences 
between  sampling  years,  plant  diseases,  (ires. 
insects,  other  foraging  animals,  or  human 
factors  often  have  important  effects.  If  these 
impacts  have  not  been  documented,  they  may  be 
unnoticed  by  most  range  examiners.  For  this 
reason,  thorough  supplemental  information  is 
needed,  especially  for  the  years  between 
measurements. 

Knowing  the  present  condition  of 
rangeland  is  important.  Of  more  value,  however, 
is  the  knowledge  that  range  condition  is  tending, 
for  a  known  reason,  to  get  better,  worse,  or 
remain  unchanged.  Only  tben  can  wise  manage- 
ment decisions  be  made  to  change  undesirable 
trends  or  perpetuate  desirable  trends  in  range 
condition. 
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